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Abstract
David Anthony Brennan
ENHANCEMENT OF ELECTROSPUN NANOFIBER PROPERTIES VIA
AUTOMATED TRACK POST-DRAW PROCESSING
2015-2021
PI: Vince Z. Beachley, Ph.D.
Doctor of Philosophy
Electrospinning is an alternative manufacturing method, capable of producing
fibers with nanoscale diameters from a wide range of different polymers in a process which
is relatively simple and inexpensive in comparison to other forms of nanofiber production.
This has made electrospinning the subject a great deal of research as a method of producing
nanofibers for various high-performance applications. However, electrospun nanofiber
tensile strength is weak in comparison to conventional fibers of the same material,
preventing widespread use and marketization. This disparity in mechanical strength is
attributed to poor polymer chain alignment in individual fibers, caused by the absence of a
post-drawing stage which is critical to conventional fiber manufacture. In this work, the
use of an automated track processing system for post-drawing electrospun nanofibers is
investigated with regards to its effects on polymer chain orientation, fiber crystallinity,
tensile strength, and fiber morphology. Results illustrated that automated track postdrawing improved polymer chain alignment to the fiber axis, increased tensile strength,
and was compatible with various polymers. In addition, the post-drawn fibers were able to
retain a greater degree of mass and tensile strength during enzymatic degradation. This
work represents the development of a novel method of electrospun nanofiber processing
that potentially overcomes the obstacles of poor polymer chain alignment and tensile
strength which prevent their utilization and market availability.
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Chapter 1:
Introduction
1.1 Motivation
The focus of this research is the development of a novel method of electrospinning
polymer nanofibers with the ability to enhance and control their properties including,
morphology, macromolecular structure, tensile strength, and degradation rate.
Electrospinning is a manufacturing method gaining popularity for its ability to produce
fibers with qualities including nanoscale-diameters, high surface area to volume ratios,
high flexibility, electroactivity, and its compatibility with a wide range of polymers[1-3].
This technique, is simple, easy to employ, and inexpensive in comparison to other methods
of nanofiber production such as template synthesis, or self-assembly[2-4]. These features
make electrospun nanofibers materials of interest for high performance applications in
several fields including construction, filtration, defense and security, and biomedical
devices, making them a part of a highly diversified market[2,4-6]. Rising interest in
electrospun fiber manufacture is marked by an increasing number of research articles and
patents published on the subject, as well as increasing in federal funding for research in
electrospun fibers[3,4,6]. Furthermore, global market revenue for nanofibers materials was
$390 million in 2016 and is expected to grow to $2 billion in the year 2021 and projected
to be worth $4.3 billion by 2023[1,7]. However, a wide array of factors effect nanofiber
quality and a lack of control in the manufacture process results in weak tensile strength,
attributed to poor chain alignment[4,8]. This often overshadows the positive qualities of
electrospun fibers and limits their utility and marketization[1,8]. This raises the questions:
Can electrospun nanofiber properties be enhanced and controlled for use in high
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performance applications? The goal of this work is to answer this question through the
development of an automated-track, fiber processing system and the analysis of the
materials it produces.
1.2 Project Summary
The objective of this research is to develop a method of processing electrospun
fibers, which overcomes their weak tensile strength by altering chain orientation and
crystallinity. This will be accomplished through the design and implementation of a novel
fiber collection device, and the subsequent analysis of the materials it produces.
The tensile strength of electrospun fibers is generally lower in comparison to
conventionally spun fibers of the same materials. The difference in tensile strength is
attributed to deficient polymer chain alignment to the fiber axis, which is documented to
be a critical factor in fiber tensile strength[9,10]. It is believed that this minimal chain
alignment, extension and crystallinity are caused by differences in manufacturing process
between conventional spinning and electrospinning. In conventional polymer fiber
manufacture, polymer melts or solutions are extruded through a spinneret and are
subsequently, post-drawn to several times their initial length. The processing parameters
and environmental conditions are tightly controlled to elongate the fiber in a semi-solid
state to improve chain alignment and extension, modify crystallinity, and reduce chain
relaxation to disordered states. In comparison, after electrospun fibers are ejected from the
spinneret they are collected without any further processing. Therefore, a prominent
difference between conventional fiber spinning and electrospinning is the absence of a
post-drawing process following polymer extrusion from the spinneret. Consequently,
without a process to align macromolecular structure and prevent chain relaxation, the
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polymer chains in electrospun fibers can take on unaligned, unextended conformations
with low crystallinity.
Post-drawing processes have proven to be effective in enhancing the strength of
conventionally spun fibers, however; it is not easily adapted to the electrospinning
process[8]. Here an automated track system of collecting and post-drawing electrospun
nanofibers is developed and investigated as a method of enhancing polymer chain
orientation and tensile strength. The key elements of the automated track system are
individual fiber drawing, occurring immediately upon fiber deposition, of thousands of
fibers in a continuous process.
This project aimed to first develop an automated track system which implements
post-drawing during electrospinning. The first aim also analyzed the effects of postdrawing on polycaprolactone (PCL), a biodegradable, biocompatible, polymer which has
received FDA approval for use in medical devices and is commonly used in
electrospinning. The second goal was to characterize the effects of automated-track postdrawing on polyacrylonitrile (PAN). PAN is used as a precursor in 90% of carbon fiber
manufacture because of its higher carbon yield and high strength in comparison to other
methods. Examining the effects of post-drawing PAN will illustrate the compatibility of
automated track method with polymers of different chemical formula (PAN:C3H3N;
PCL:C6H10O2) melt temperature (PAN:300˚C; PCL:60˚C) and glass transition temperature
(PAN:80˚C; PCL:-60˚C) which effect chain mobility during drawing. (iii.) The third aim
revisits PCL, evaluating how changes in chain alignment and extension caused by postdrawing effect the enzymatic degradation properties of PCL fibers related to crystal
structures and aligned chains developed at different draw ratio.

3

1.3 Dissertation Summary
This work focuses on the analysis of polymer nanofibers properties and how they
can be controlled by post-drawing using an automated track processing system. This will
in turn evaluate the viability of the automated track collector as a method of producing
high-performance polymer nanofibers. Chapter 2 describers relevant background
information regarding electrospinning techniques and the properties of electrospun
nanofiber compared to conventional fibers. This chapter also examines areas of
applications for both convention fibers and electrospun nanofibers and requirements for
these materials and manufacturing methods. Finally, this chapter will also discuss current
methods of processing and treating fibrous materials to alter properties. The Specific
Research Aims, and overall objective of this project is addressed in Chapter 3.
Chapter 4 examines the effect of automated fiber drawing on the mechanical
strength of polycaprolactone nanofiber. Fiber tensile properties and macromolecular
structure are assessed in their relation to draw ratio at collection. Properties of ultimate
tensile stress, Young’s modulus, strain at break and polymer chain orientation are analyzed.
Chapter 5 describes the effect of automated fiber drawing on the mechanical
strength of polyacrylonitrile, to assess the compatibility of the process with materials of
different qualities such as chemical formula, molecular composition and higher Tg and Tm.
Fiber chain morphology and tensile strength are analyzed for fibers collected at increasing
draw ratios.
Chapter 6 evaluates the effects of fiber drawing on the rate of in vitro enzymatic
degradation. Properties such as mass loss, tensile strength, and crystallinity are assessed
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over a 7-day period as an effect of structural changes with increasing draw ratio. Chapter
7 provides a summary of conclusions drawn from each previous chapter.
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Chapter 2:
Background
The information in section 2.3, 2.4, and 2.5 has been previously published in Advanced Healthcare
Materials and has been reproduced here with permission of the publisher. Adv. Healthcare Mater. 2018, 7,
1701277

2.1 Conventional Fiber Overview
There are a variety of fibers classified as both natural and artificial which are widely
used in everyday items. Studies show that natural fibers have been used in primitive tools
and applications date back as far as 30,000 years ago[11,12]. More recently, synthetic
fibers have been manufactured and introduced to the market; the first synthetic fibers were
created from cellulose by Joseph Swan in 1880. Over the years, the demand for
conventionally manufactured fibers have risen, resulting in the production of
approximately 65 million tons of fibers in 2014. Conventional spinning methods have
expanded into three main forms: melt spinning, where a bulk material is heated to a viscous
melt then forced though a spinneret, wet spinning: where a polymer in solution is forced
through a die directly into a water bath to displace solvent from the spun fibers, and dry
spinning where the solution is extruded through the die and solvent evaporates in the space
between the die and take up roller.
2.2 Electrospinning Overview
Electrospinning has been the subject of a great deal of research as a simple polymer
fiber manufacturing method capable of easily producing nanofibers for use in composite
reinforcement,

filtration

materials,

high

performance

textiles

and

biomedical

technologies[5,13]. This interest is further driven by the technique’s compatibility with
various polymers and the observation that nanofibers exhibit several uncommon qualities
such as large surface area to volume ratio, flexibility, and biomimetic architecture[8,14].
6

Electrospinning has also exhibited the ability to tune and adapt fiber properties such as
individual fiber size and morphology, mesh architecture, mesh pore size and porosity,
chemical resistance, and electrical conductivity by altering spinning parameters during
collection[15].
These characteristics give electrospun fibers exceptional prospects in numerous
fields for applications including filtration, protective apparel, tissue scaffolding,
nanocomposites, and sensors. However, several obstacles limit the use of electrospinning,
the most critical of which is weak mechanical strength in comparison to conventionally
produced microfibers and bulk polymer of the same material. This mechanical weakness
occurs despite theoretical expectations of size effects which predict increased mechanical
strength with decreased diameter. This is generally accredited to a lack of alignment and
extension of polymer chains within the fiber, which leads to slipping and reorganization of
chains under load, rather than resistance of applied forces.
It is hypothesized that lack of orientation and difference in mechanical properties
is the effect of strikingly different manufacturing and processing methods. In conventional
methods of melt, wet, and dry spinning, a bulk material is prepared in melt or solution then
extruded through a spinneret or die to form a fiber. This fiber then undergoes several stages
of drawing, tensioning, and heating in order to remove defects, control dimensions, and
improve mechanical properties. These conventional methods are widely used to produce
fibers from a variety of materials and drawing is utilized to increase fiber strength up to
15x but are limited to the producing fibers in the microscale[16]. In electrospinning, a
polymer in solution is loaded into a syringe and fed through a needle at a constant flow
rate. A wire suppling a high voltage is attached to the needle and the electrical force ejects
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the polymer from the spinneret in a fluid jet. The polymer solution undergoes draw ratios
up to 105 and strain rates of 105 𝑠 −1 as it rapidly travels in a circular path toward a
collection target, commonly a grounded flat plate[17,18]. As it travels through the air most
solvent evaporates and the polymer is collected on the target in a solid fibrous form, without
any additional processing. Residual solvent in the collected fibers cause fast polymer chain
relaxation, removing macromolecular orientation induced by the elongations during
spinning[19,20]. The absence of a processing stage which draws, and tensions fibers is a
critical element absent in electrospinning. The inclusion of a drawing stage is the obvious
solution to improve polymer chain orientation but is not easily implemented[8]. These
technical difficulties include a lack of fiber organization in spun meshes. When drawing a
fibrous mesh or yarn, fiber overlap and junction result in unevenly distributed strain and
varying draw ratios between individual fibers. This results in nonuniform mechanical
properties throughout the fiber mesh. Drawing of individual fibers is impractical due to the
high degree of precision required and low throughput of material. Other methods of
increasing fibers strength have also been explored, including increasing molecular weight,
introducing additives or fillers, fiber alignment, braiding or weaving, and heat
treatment[21].
Numerous methods of improving fiber strength have been investigated with varying
results. Here a new method of electrospinning, capable of increasing fiber strength during
collection is described and investigated. A parallel automated track collector was designed
and implemented to simultaneously electrospin and draw thousands of individual
nanofibers per minute under tightly controlled conditions. Electrospinning is completed
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under variable draw conditions to examine the effects of post-draw treatment on fiber
qualities of morphology, chain structure, mechanical strength, and degradation.
2.3 Electrospinning Technique
Electrospinning is an alternative method of ﬁber fabrication ﬁrst observed by the
electrician William Gilbert in the 16th century while investigating the behavior of magnetic
and electrostatic ﬁelds. [22]. This ﬁber spinning technique is easily employed and capable
of producing nanoscale ﬁbers from a wide range of materials, including biocompatible and
biodegradable polymers. [23] [24-28] In electrospinning, a high voltage is applied to a
needle containing a polymer in solution. The droplet of polymer solution at the tip of the
needle forms a Taylor cone and the high voltage ejects the solution from the needle (also
known as a spinneret) forming a ﬂuid jet. The jet then enters a whipping region where it
travels in a circular path toward the grounded collection target. Solvent rapidly evaporates
from the jet during its trajectory resulting in solid ﬁbers at the collection target. In early
methods, a ﬂat, grounded plate is often used as the collection target, collecting ﬁbers in a
nonwoven, random mesh[6]. However, numerous variations of the collection target exist,
which allow the dimensions, architecture, and properties of the resultant electrospun
nanoﬁber structures to be altered[15,29]. Modiﬁcation to the electrospinning setup will
alter the ﬁber formation and can be divided into speciﬁcations of collector alterations and
spinneret modiﬁcations. A modiﬁed collector will generally allow changes to the
orientation, patterning, and ﬁnal architecture of the ﬁbrous material[30]. Alterations to the
spinneret will often affect the throughput of the device[31]. The three most prevalent
collectors are ﬂat plate, parallel plate, and rotating mandrel or disk, pictured in Figure 1A–
C. Fiber formation can be further controlled through modiﬁcations of the polymer during
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solution preparation. Changes in preparation generally involve choice of polymer, the use
of a mixture, blend or copolymer, different molecular weights (MW), solution
concentration, and solvent choice. The MW of the polymer and concentration of the
polymer solution directly change polymer viscosity which determines the spinnability of
the solution[32,33]. These values also inﬂuence the ﬁnal diameter of the ﬁber as well as its
mechanical strength[34,35]. The solvent used in the solution will also affect ﬁber spinning
and morphology, for example, creating ﬁbers with a smooth surface or varying amounts of
beads[36,37]. With a high degree of adaptability in the system, the materials’ morphology
can be controlled to produce ﬁbers with a smooth surface, porosity, or beads. These
alterations will change ﬁber surface area and volume, affecting properties such as drug
release, degradation rate, and cell adhesion. [38] The functionality of electrospun ﬁbers can
be further improved through the addition of some modiﬁer such as a coating, drug, or
nanoparticles[39-41].
2.4 Electrospun Nanofiber Structures
The most common geometries that are obtained through electrospinning are the (1)
random nonwoven mesh film, (2) aligned nonwoven mesh film, and (3) nonwoven or
twisted yarn. Fibers are collected in these arrangements by using commonly employed
electrospinning targets as shown in Figure 1, a flat plate, a parallel plate or a rotating
mandrel, and self-bundling modification, respectively.
2.4.1 Random mesh. Many types of polymers can form nanofibers via
electrospinning by simply using a flat grounded plate collector (Figure 1A). Fiber diameter
is mainly controlled through solution viscosity as well as other parameters such as the
applied voltage and distance to the target.[42] The flat plate method is generally the least
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challenging collection method and is compatible with the greatest variety of polymer
materials. It is common that electrospinning of some materials may not be feasible with
more complex collecting methods, due to challenges such as very small diameter,
nonuniform morphology, poor mechanical properties, or a highly unstable jet. Limitations
of the flat plate collector include a lack of control over fiber orientation and uniformity of
fiber deposition[43,44]. This may result in a mesh of varied thickness, pore size, and
mechanical strength. The gross geometry of the resulting structure is generally a thin
nonwoven film. The stiffness of randomly aligned nanofiber meshes is usually
substantially lower than that of aligned meshes because fibers may untangle and reorient
under tensile load before individual nanofiber elastic deformation occurs.
2.4.2 Aligned mesh. Aligned polymer fiber mats can be obtained in electrospinning
using modified collectors such as the rotating drum or parallel plates. The rotating drum or
mandrel (Figure 1C) is somewhat similar to the flat plate collector in that it is a large
continuous surface. The rotation of the drum at sufficient speed results in a film of aligned
nanofibers. The fiber take-up speed (rotational velocity of the drum) is directly related to
the orientation of the fibers in the resulting film. Altering the speed of the drum will allow
a change in degree of fiber alignment,[45] and it has been hypothesized that matching the
speed of the electrospinning jet optimizes fiber alignment.[46] The rotation of the mandrel
can also induce a tensile force that reduces fiber diameter[47,48] and causes changes in
nanofiber properties such as crystallinity.[49,50] A threshold speed exists for each system
beyond which fiber fracture begins to occur, decreasing alignment and perhaps the
mechanical properties of the final structure.[50,51] This maximum speed is dependent on
properties of the spun polymer and must be set accordingly.[52] Nanofibers will continue
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to accumulate as long as electrospinning continues, but charge accumulation on the
mandrel will slow down the rate of fiber accumulation[53] and may reduce fiber
alignment.[53] Aligned polymer fibers can be obtained through parallel plate spinning
(Figure 1B) as well. When a flat plate is replaced by two parallel plates, fibers will align
perpendicular to the plates and collect across the air gap created.[54] This collector can
induce a high degree of alignment between fibers and result in a highly organized fiber
mesh. The major advantage of this method is that fibers are not inherently combined into
a nonwoven mesh and single fiber suspension across the gap can be confirmed. A major
hurdle in parallel plate spinning is the dependence of fiber alignment on polymer electrical
properties. Since electrospinning utilizes an electrical field to initiate electrospinning,
polymer and solvent conductivity will dictate the spinnability of the polymer solution. The
material conductivity could have a positive outcome, inducing fiber alignment, or cause an
adverse effect, creating instability in the polymer jet and inhibiting fiber formation.[55]
Therefore, each polymer solution can only span a parallel plate gap up to a limited
maximum length. This maximum distance between the gaps is dependent on the type of
polymer, solvent, electrospinning parameters, and collector setup. For example, the gap
distance for electrospun poly(9,9-dichotylfloureny-2,7-diyl):poly(methyl methacrylate)
has been reported in the range of 0.5–2.5 cm,[56] while polycaprolactone nanofibers with
a diameter of 350 nm have been electrospun spanning a gap of up to 35 cm.[42] Another
limitation of the parallel plate collector method is the influence of charge buildup in the
collecting area, which limits the maximum thickness of films and interferes with fiber
alignment.[57] Various approaches, such as automated parallel tracks[58] and parallel
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magnetic plates,[59] have been used to address these limitations and form thick mats across
a gap.
2.4.3 Bundled yarns. Other electrospinning approaches are used to directly
produce aligned nonwoven bundles or yarns. Electrospun nonwoven yarns have been
collected directly from the jet facilitated by a self-bundling process.[60] A similar process
induces bundling in air by aiming two oppositely charged electrospinning jets at one
another (Figure 1D).[61] Another method uses a water bath as a medium for fiber bundling
before spooling.[62] Self-bundling and opposite charge bundling have been used to
produce nonwoven yarns ≈100–279 μm in diameter from nanofibers with diameters of
600–812 nm.[60,63] The alignment and mechanical strength were enhanced and yarn
diameter decreased by inducing an elongation force via a take-up wheel. The tensile
strength of self-bundled and opposite charge bundled yarns were increased by 28 times and
8 times, respectively, when taken up at an optimum rate.[60,63]
2.5 Size Effect: Theoretical Strength of Polymer Nanofibers
Theoretical and experimental results generally predict that the speciﬁc strength of
a ﬁber material increases as the diameter is reduced. The tensile strength of carbon
microﬁbers,[64] iron(Fe) whiskers,[65] and electrospun polyamide nanoﬁbers[66] is
plotted against ﬁber diameter in Figure 2. A sharp increase in tensile strength
corresponding to decreasing ﬁber diameters is consistent for all three examples, despite
variations in material type, diameter range, and manufacturing methods. Broadly, this is
due to (1) enhanced orientation of molecular or crystalline structures and (2) the reduced
probability of cracks or defects due to the reduced total volume of the ﬁber. Processing
ﬁbers to a smaller diameter promotes ordering of the macro-molecular and crystalline
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structure of the polymer, and there may be molecular conﬁnement effects that further
promote order at very small diameters. The strength of a material is limited by extremely
small defects such as surface cracks and the reduction in size of the ﬁber also decreases the
probability of limiting defects occurring in the materials, resulting in superior mechanical
properties.[67]
2.5.1 Why are electrospun nanofibers weaker than conventional fibers? Given
the trend of increasing mechanical strength with decreasing ﬁber diameter, it would be
expected that electrospun polymer nanoﬁbers, with diameters in the range of hundreds of
nanometers, would have higher speciﬁc strength than their conventionally manufactured
polymer microﬁber counterparts. However, electrospun nanoﬁbers are generally much
weaker than conventional polymer microﬁbers. This occurs despite electrospun ﬁber
diameters that are one or more orders of magnitude smaller than the corresponding
microﬁbers. For example, the tensile strength and elastic modulus of a single electrospun
polyamide 6 nanoﬁber were 304 and 902 MPa, respectively, compared to 1000 and 6000
MPa, respectively, for a single melt spun and drawn polyamide 6 microﬁber[68,69]. This
represents a decrease in ﬁber strength and stiffness of more than six times despite a ﬁber
diameter reduction from 20 µm to 800 nm. The question of why electrospun nanoﬁbers are
mechanically weak has been attributed to a surprising lack of polymer chain alignment and
low degree of crystallinity, regardless of nanodiameter, as explained by several excellent
review papers.[8,70] It is well researched that the orientation of polymer chains, degree of
polymer crystallinity, and crystalline packing directly affect the material’s mechanical
performance as well as its electrical, thermal, and optical properties.[71] The disorder and
entanglement of polymer chains result in a ﬁber with less resistance to applied tensile force
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before yielding. Further, crystallization is often limited by chain entanglements, resulting
in ﬁbers with large, relatively weaker, amorphous regions.
2.5.1.1 Polymer chain orientation. Before electrospinning, polymers are prepared
in solution. Because most polymers have ﬂexible backbones, the molecule chains tend to
be highly coiled and entangled in this state. After electrospinning, the polymer chains
remain coiled, entangled, and unorganized with many different conformations.[72] Such
polymer chain conformation will result in ﬁbers with molecular chains that can slip when
exposed to a tensile force, resulting in weak mechanical properties. Studies using selective
area electron diffraction (SAED) have been used to determine molecular orientation in
single polymer ﬁbers. Analysis of electrospun polyamide 6 shows that in a randomly
collected ﬁber, there is little to no chain orientation depending on the portion of the ﬁber
examined.[73] Additional studies of electrospun ﬁbers collected in a random mesh reveal
no polymer chain ordering and exhibit isotropic properties.[73] The variability of chain
alignment within a single ﬁber as well as variability of diameter along a single ﬁber was
attributed to jet instability during spinning. Characterization of nylon-4,6 ﬁbers showed
that it was possible to obtain randomly collected electrospun ﬁbers with highly oriented
chains.[74] This change in degree of molecular orientation is attributed to signiﬁcantly
reduced diameters, where ﬁbers with diameters as small as 1.2 nm were hypothesized to
contain as few as six or seven nylon molecules. The impact of diameter on chain orientation
was also investigated for polyethylene ﬁbers. SAED patterns and translational electron
microscopic imaging revealed that ﬁbers of 1 µm and larger were isotropic while ﬁbers
under 400 nm are highly oriented.[75] A recent study compared the orientation of
polyvinylidene ﬂuoride (PVDF) ﬁbers with the same diameter, collected using a ﬂat plate
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and parallel plates. The SAED patterns obtained showed a much greater amount of
orientation in the ﬁbers collected across the parallel plates, indicating that not only
diameter, but also the collection method directly affects chain alignment.[76] Conﬁnement
effects, limiting spatial arrangements of polycaprolactone(PCL) molecules, have also been
observed to increase mechanical strength.[77] When the ﬁber diameter is in the nanoscale,
the long chain molecules of the ﬁber need to rearrange according to the changed
dimensional restraints. This reduction in possible molecular conformation results in ﬁbers
with higher probability of polymer chains oriented along the ﬁber axis. The effect of
diameter on polymer chain orientation and tensile strength has also been exhibited in
electrospun poly(vinyl alcohol) (PVA) ﬁbers.[78] This study tracked the development of a
rigid, anisotropic outer shell while the inner core remained isotropic. As the diameter
decreases, the prevalence of the outer shell increases and the isotropic core shrinks.
Conversely, as the diameter grew, the area of the isotropic core increased relative to the
rigid shell, resulting in a more ductile ﬁber. The anisotropic organization of molecular
structure resulted in stronger, stiffer ﬁbers, despite unchanged degree of crystallinity
between samples.[78] These studies show a direct relation between molecular orientation
and mechanical properties of electrospun ﬁbers. However, electrospun nanoﬁbers have
inferior strength compared to conventionally manufactured microﬁbers, despite smaller
diameters and improved chain orientation.
2.5.1.2 Degree of crystallization and crystalline packing. Similarly, crystallinity
of polymer ﬁbers is limited by the ﬂexibility and entanglement of the polymer chain.
Semicrystalline (consisting of both amorphous and crystalline components) polymer ﬁbers
manufactured from conventional methods have varying degrees of crystallinity, which are
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dependent on inherent steric properties of the polymer, temperature during manufacture,
cooling rate, and strain applied during processing.[72,79] Without tight control over
manufacture and postprocessing, the polymer ﬁber’s properties vary widely, and it is
possible for crystallinity to be completely absent from the material. Solid-State
polymerization of single crystals is the only method currently able to produce a 100%
crystalline polymer. Polymer crystallization varies with the type of materials and inherent
molecular structure. Degree of crystallinity and crystallite organization have been observed
to directly affect the physical characteristics and mechanical properties of the polymer.[79]
Compared to bulk materials, electrospun nanoﬁbers have a unique crystallization behavior,
where the large elongational force and quick drying cause the formation of crystalline polymorphs. Because the formation and drying occur quickly, the formation and packing of
crystals are incomplete and inefﬁcient, leading to weak mechanical properties.[80,81]
Studies found the morphology and orientation of ﬁbers can be controlled through spinning
conditions and that electrospinning will generally form ﬁbers with extended chain crystals
rather than folded chain crystals common in conventional spinning.[18,82] The
crystallization of the polymer is largely dependent on the solvent evaporation rate and
inherent jet stretching of the ﬁber. It was observed that nylon-6 ﬁbers had crystallized in
the metastable, helical γ phase rather than the thermodynamically stable, extended α
phase.[83,84] Although α would be a more stable conformation, the γ was more prevalent
due to the quick evaporation of the solvent. If the evaporation rate was reduced, the
presence of the α would increase.[85,86] Reduction of diameter of PCL electrospun ﬁbers
has shown to produce ﬁbers with increased crystallinity and densely packed, aligned
lamellae organized into ﬁbrillar structures. The molecular organization achieved through a
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smaller diameter resulted in greater resistance to tensile force.[87] In contrast, larger ﬁbers
exhibited misaligned lamellar structure, more prominent amorphous areas, and absence and
ﬁbrillar organization. This resulted in ﬁbers with lower resistance to axial stress and
deformation. The same effect was observed in two different studies of electro-spun
collagen ﬁbers, where maximum tensile stress and modulus increased as diameter
decreased.[88,89] In contrast, polylactic-co-glycolic acid (PLGA) nanoﬁber electrospun
from 10% concentration solutions were 400 nm in diameter and had no crystalline
structure, while those spun from 15% solutions were 1 µm in diameter and 30% crystalline.
This is still far below the crystallinity of melt spun microﬁbers of the same material that
have a crystallinity of 55%. In this case, it was hypothesized that rapid solidiﬁcation of
stretched chains hindered crystal formation.[90]
2.5.2 Causes of poor chain orientation and crystallinity. The reasons for poor
chain orientation and crystallinity in electrospun nanoﬁber are derived from the
manufacturing process. Although polymer chain orientation may improve in the
electrospinning jet, chain relaxation and slippage can quickly reverse orientation during
ﬁber solidiﬁcation. Furthermore, there is generally no post-processing step to subsequently
enhance molecular alignment after chain mobility and relaxation times are reduced.
2.5.2.1 Chain relaxation. Electrospun nanoﬁbers experience extremely high draw
ratios during jet formation and whipping. The speed of an electrospun jet has been
measured at 1000 s-1 with estimated draw ratios (ﬁnal length/initial length, Lfinal /Linitial) of
25,000.[17,18,91] Strain rates of this magnitude would theoretically enhance the
mechanical strength of the material by an extreme degree. However, while the polymer jet
is in ﬂight from needle to target, it is in various stages of solvency and chain relaxation
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occurs very quickly in dilute polymer solutions, ranging from tens to hundreds of
milliseconds.[17,92] Even after solid ﬁber collection on the designated target, there is a
residual amount of solvent remaining. The presence of this solvent may allow chains which
have been extended to slip back further into a coiled position. Relaxation at both of these
stages could negate the effects of the high strain rate on polymer during the initial stages
of electrospinning. Furthermore, some methods of electrospinning do not allow ﬁbers to
be collected in tension. This may enhance susceptibility to chain slipping after collection.
Evidence for the chain relaxation theory includes the observation of core/shell nanoﬁbers
where the outer shell contains highly aligned polymer chains and the core exhibits a more
random conformation.[78,91] This core–shell microstructure could be explained by
“locking” the aligned chains within a thin outer shell layer due to rapid evaporation in that
region before chain relaxation can occur.
2.5.2.2 Lack of postdrawing step. Postdrawing is generally not part of the
electrospinning manufacturing processes, which may be an important reason for the limited
mechanical strength of electrospun nanoﬁbers versus conventional polymer ﬁbers.
Standard manufacturing processes, such as melt spinning, include postdrawing steps that
extend ﬁbers to several times their initial length. This is accomplished through several
stages of drawing by rollers before collection on a bobbin, as pictured in Figure 3A.
Postdrawing can occur in a temperature or solvent-mediated semi-solid state to promote
chain reorientation or in solid state to minimize chain relaxation. Processing in a semi-solid
or solid ﬁber state alleviates the rapid relaxation of oriented chains that readily occurs in
polymer solutions. The effects of the critical postdrawing processing step include reducing
ﬁber diameter and orienting macromolecular structures (Figure 3B). Coiled polymer chains
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are extended as the ﬁber is elongated and the chains are compacted together as diameter
decreases. This results in a material with a highly ordered structure, which prevents chain
slippage. In addition to molecular orientation effects, the decreased diameter associated
with postdrawing also reduces the probability of defects present in the ﬁbers. This
decreases the mobility of the molecular structure, preventing slipping.[93] Similarly,
macroscopic defects such as cracks, pits, beads, or necking are physically removed by
drawing and tensioning the material. The reduction of macrodefects combined with the
increased ordering of molecular structure produces a ﬁber with superior mechanical
properties. For example, polymer microﬁbers postdrawn at draw ratios from 3.5 to 5
(deﬁned as ﬁnal drawn ﬁlament length divided by initial length: Lfinal /Linitial) increased their
ultimate strength by 4–5 times and their stiffness by 4–50 times.[94-96]
2.5.3 Postdrawing. Postdrawing is the process of elongating a polymer fiber to
several times its initial length to impart molecular chain alignment and enhance mechanical
strength and stiffness. It can be applied to fully cured polymer fibers (cold drawing) or in
the presence of residual solvent or at elevated temperatures to enhance chain
mobility/reorganization. Postdrawing is the most essential process for obtaining highstrength fiber materials in conventional extrusion-based polymer fiber manufacturing but,
is more challenging to apply to electrospun nanofibers. Several groups have reported
enhanced molecular orientation, crystallinity, and tensile properties for electrospun yarns
and collective meshes after postdrawing. Postdrawn, nonwoven bundled electrospun
polyacrylonitrile (PAN) yarn segments were drawn above the glass transition temperature
to five times their original length with resulting increases in ultimate tensile strength and
stiffness of 8 and 18 times, respectively.[63] Another group saw similar increases of 8 and
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15 times strength and stiffness, respectively, for bundled PAN yarns postdrawn to 4 times
initial length[60]. Nonwoven bundled PVDF yarns were continuously postdrawn up to
twice their initial length to increase ultimate tensile strength and stiffness by 2.6 and 6
times, respectively[97]. Biodegradable PLGA random meshes postdrawn to a draw ratio
of 5.5 at 90 °C increased their ultimate tensile strength by eight times[90].
In all of the above studies, organized crystalline structures[60,90] and molecular
chain alignment[60,63] formed during the annealing and drawing process contributed to
enhanced mechanical properties, but fiber re-orientation within the mesh (as described in
Section 7.4) also contributed to mechanical enhancement. An alternative electrospinning
collector that utilizes a parallel automated track approach[98] was used to postdraw
individual PCL nanofibers.[99] Individual nanofiber drawing allowed for greater draw
ratios to be achieved compared to the controls drawn within fiber meshes. PCL fibers
drawn to 4 times their original length exhibited 7 and 15 times increases in ultimate tensile
strength and stiffness, respectively. Reported ultimate strength enhancements of 2.6–8
times and stiffness enhancement by 6–18 times may be sufficient to put electrospun
nanofibers within desired ranges of mechanical properties high strength applications.
Further, the stiffness of nanofiber and nanofiber yarn increases systematically with draw
ratio,[63,97,99] so an optimum stiffness could be targeted by simply selecting the draw
ratio that correlates to the desired stiffness.
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Figure 1. (A) Flat plate collector.[100] (B) Parallel plate collector.[54] (C) Rotating
mandrel collector.[101] (D) Self-bundling yarn spinning.[63] (E) Flat plate random mesh
scanning electron microscope (SEM) image. (F) Parallel plate aligned mesh SEM image.
(G) Mandrel aligned mesh SEM image. (H) Self-bundling yarn SEM image. (A, E)
Reproduced with permission. Copyright 2011, Elsevier. B, F) Reproduced with
permission. Copyright 2003, American Chemical Society. C, G) Reproduced with
permission. Copyright 2004, Elsevier. D, H) Reproduced with permission. Copyright 2015,
Royal Society of Chemistry.
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Figure 2. Mechanical strength versus fiber diameter is plotted for A) carbon
microfibers,[64] B) iron whiskers,[65] and C) electrospun polyamide. [66]Circles below
each plot represent the relative maximum (Di) and minimum (Df) diameter of fibers for
each material and compared between each plot. A) Reproduced with permission. Copyright
1989, Elsevier. B) Reproduced with permission. Copyright 2002, Elsevier. C) Reproduced
with permission. Copyright 2011, Elsevier.
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Figure 3. (A) Conventional melt-spinning schematic featuring postprocessing stages
including drawing, tensioning, and hot stretching.[102] (B) Schematic of polymer chain
reorganization during postdrawing: 1—polymer fiber is drawn, fiber lengthens, diameter
decreases, polymer chains uncoil and extend; 2—extended chains continue to align and
compact together under continued draw and diameter reduction; 3—with continued
drawing extended chains and organized polymer chains are more prevalent, resulting in a
stronger fiber. A) Reproduced with permission. Copyright 2015, Royal Society of
Chemistry.
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Chapter 3:
Research Aims
The overarching goal of the proposed work is to engineer high-performance
polymer nanofiber by developing a manufacturing method where post-drawing, a process
critical to conventional fiber manufacture, is adapted to electrospinning. It is hypothesized
that the proposed automated track design will be able to incorporate fiber drawing in
electrospinning, providing a method to control electrospun nanofiber properties. The
effects of post-drawing will be determined by evaluating nanofiber qualities such as
morphology, macromolecular orientation, tensile strength, and degradation.
Aim 1: Characterize the effect of drawing on polycaprolactone nanofiber
morphology, macromolecular alignment, and tensile strength. This will focus on the
manufacture and characterization of fibers spun and drawn to increasing draw ratios. It is
hypothesized that drawing electrospun fibers will improve polymer chain alignment with
fiber axis, resulting in nanofibers with strong tensile properties. PCL fibers are spun and
drawn to ratios of 1(undrawn), 2, 3, and 4 (DR1, DR2, DR3, DR4). Polymer chain
orientation is assessed by wide-angle x-ray diffraction (WAXD). The ultimate tensile
strength and Young’s modulus are determined using a SHIMPO tensile tester. Scanning
electron microscope (SEM) images are used to assess the fiber morphology, alignment,
and cross-sectional area.
Aim 2: Verify that the automated track results are reproducible in a polymer of a
different composition with a higher glass transition and melt temperature. For this study,
polyacrylonitrile (PAN), a polymer of interest in developing carbon nanofibers. This will
focus on the manufacture and characterization of fibers spun and drawn to increasing draw
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ratios. PAN fibers are spun and drawn to increasing ratios (DR1, DR2, DR3, DR4).
Molecular orientation is evaluated using polarized Fourier-transform infrared spectroscopy
(FTIR) and confirmed by x-ray diffraction (XRD). The tensile strength of the fibers is
determined using a Shimadzu EZ-SX mechanical tester. The fiber morphology, alignment
and cross-sectional area are assessed by scanning electron microscope (SEM)
Aim 3: Analyze the effects of fiber draw ratio on the in vitro, enzymatic degradation
rate of PCL fiber bundles. It is hypothesized that there is an inverse relationship between
draw ratio and degradation rate, where degradation rate is slower with increased draw.
Degradation of PCL initiates in the unaligned, amorphous region of the polymer, which is
predominant in undrawn fibers. Degradation progresses in this manner because the loosely
packed, randomly oriented chain structure is susceptible to enzyme penetration and
hydrolysis[103]. Drawn fibers will have polymer chains extended along the axis and tightly
packed together, which resist initial enzyme penetration[104]. Degradation will occur more
readily in undrawn samples with low crystallinity and low order of the amorphous region.
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Chapter 4:
Concurrent Collection and Post-Drawing of Individual Electrospun Polymer
Nanofibers to Enhance Macromolecular Alignment and Mechanical Properties
The information in chapter 4 has been previously published in Polymers and has been reproduced here with
permission from the publisher. Polymer 103 (2016) 243-250

The study reports a nanomanufacturing method that facilitates post-drawing of
electrospun polymer nanofibers. Post-drawing is critical in conventional microfiber
processing to enhance mechanical strength but, has been difficult to implement with
nanofibers. Here, a parallel automated track collector was designed to permit continuous
processing of thousands of individual nanofibers per minute under highly controllable
drawing conditions. Post-drawing systematically induced macromolecular alignment and
altered the chemical bond composition of polycaprolactone nanofibers with increasing
draw ratio. The strength and stiffness of fibers with a draw ratio of 4 were enhanced by 7
and 15 times respectively and their mechanical properties exceeded previously reported
values for conventional and nanoscale polycaprolactone structures.
4.1 Introduction
Motivation to engineer stronger fiber materials reaches a wide variety of
applications including aerospace, biomedical, and construction amongst others [5,13].
Theoretical expectations predict that fiber diameter reduction will result in enhanced
mechanical properties. This is generally true in practice for conventional wet and melt spun
microfibers [16,105]. For example, the tensile strength of polymer derived carbon fibers
was increased by almost 4x by reducing the fiber diameter from 12 to 6 mm [64]. The
relationship is also observed for electrospun nanofibers where fiber strength increases
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exponentially as diameter decreases below ~500 nm [87,106,107]. However, regardless of
diameter, electrospun nanofibers are considerably weaker than their much larger microfiber
counterparts. For example, electrospun polyamide (PA) nanofibers were 3-12x weaker than
melt spun/post-drawn PA fibers with some electrospun fibers being even weaker than bulk
polyamide [8]. It can be hypothesized that the relative weakness of electrospun nanofibers
compared to conventional fibers is due to vastly different manufacturing and processing
conditions. Conventional polymer fibers are formed by extruding a polymer solution or
melt through an orifice, followed by post-drawing processes that elongate the fiber to
several times its original length to impart macromolecular alignment and mechanical
strength. Environmental conditions and processing parameters can be tightly controlled,
and fibers are post-drawn in a solid or semi-solid (via temperature or residual solvent) state
to limit spontaneous polymer chain relaxation back to a disordered organization.
Electrospinning utilizes an electrostatic force to extrude a polymer solution through a
needle tip. The thin jet of polymer solution ejected from the needle tip undergoes rapid
elongations that subject the jet to a draw ratio up to105 and strain rates up to 105s-1 as it
travels to a grounded target[17,18]. However, despite these massive elongations, the
resulting solid nanofibers have poor molecular organization. It has been proposed that fast
polymer chain relaxation in electrospinning solutions, estimated from 0.1 to 0.01s, undo
initial jet induced organization during the later stages of electrospinning or at the collector
in the continued presence of solvent [17,20,92]. Thus, an important difference between
traditional and electrospinning fabrication methods is the lack of an effective solid/semisolid postdrawing step in electrospinning. This critical process is utilized to increase the
strengths of wet and melt spun microfibers by 5-15x [16,95,96,104]. The addition of a
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secondary post-drawing step at the collector stage is a logical approach to enhance the
macromolecular alignment and mechanical properties of electrospun nanofibers. Ideally
this step should occur after sufficient solvent evaporation has rendered the fibers to a semisolid state that leaves fibers pliable but, slows polymer chain relaxation. This approach has
been evident to those experienced in the field, however, technical difficulties associated
with electrospinning has made post-drawing individual electrospun nanofibers impractical
[8]. Here these technical impediments are overcome by an automated track collection and
processing system with the capabilities to concurrently collect and draw thousands of
individual aligned nanofibers per minute.
4.2 Results and Discussion
4.2.1 Automated track device. In this article we describe the automated track post
drawing method and investigate the response of electrospun polycaprolactone (PCL)
nanofibers to post-drawing at the collector stage before complete solvent evaporation. Key
elements of this technology include (1) individual fiber drawing, (2) tight control over postdrawing processing parameters, (3) drawing immediately upon deposition during solvent
evaporation and (4) simultaneous processing of thousands of nanofibers. The parallel plate
collector design is used as the base method to collect ordered aligned individual nanofiber
units (Fig. 4A). The electric field created by the parallel plate collector causes nanofibers
to suspend orthogonally across the gap between the plates, with one end adhered to each
[54]. When the static plates are replaced with parallel automated tracks it allows the
collector to overcome charge repulsion and non-continuous production limitations
associated with the static parallel plates [58] (Fig. 4B-C). The automated track method
pulls charged fibers away from the collection area at steady state so that fiber accumulation
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does not continuously change the local electric field or inhibit subsequent nanofiber
deposition. Here, post-drawing is seamlessly integrated into the parallel automated
collecting system by repositioning the geometry of the tracks so that the distance between
them increases as they travel away from the initial deposition area (Fig. 4C). This allows
fibers to be post-drawn in a semi-solid state as solvent evaporates, allowing chain
rearrangement to occur more easily. A static frame was placed inside the device to remove
the aligned post-drawn nanofibers from the automated tracks. As the fibers travel down the
tracks and past the static frame they are sheared off of the tracks and adhere to the collection
rack, where they remain in tension to impede chain relaxation in the samples (Fig. 5A).
After the nanofibers are transferred to the rack, the track remains in motion to continuously
retrieve, post-draw, and transfer new nanofibers from the electrospinning jet to the rack. In
this embodiment, the total elongation of the post-drawn nanofibers is the ratio of the
distance between the tracks at initial deposition to the final distance between that tracks at
fiber transfer to the collecting rack. An automated track device (Fig. 5B) was built with
adjustable rod locations so that the position of the top and bottom of the tracks could be
modified. The draw ratio (DR, final fiber length divided by initial fiber length: DR =
Lfinal/Linitial) and rate of draw can be independently controlled by adjusting track geometry,
track speed, and the depth of the collecting rack (Fig. 5A). To the investigators' knowledge,
this is the first approach capable of postdrawing individual electrospun nanofibers within
a practical manufacturing system. Previous attempts to post-draw electrospun nanofibers
have been performed at the (1) collector stage by stretching collective fiber entanglements
into yarns [60,63] or (2) after collection when random or aligned nanofiber mats were
manually removed from a collector and subsequently drawn[90,108]. The disadvantage of
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post-drawing collective fiber mats and yarns is that individual fibers cannot be elongated
uniformly due to bonding and friction at fiber-fiber junctions [34,71,109,110]. Thus,
nanofiber mats/yarns may fail at much lower elongations than possible for individual
fibers. In our experiments, individual PCL nanofibers could be post-drawn to elongations
nearly three times that of fibers within collective meshes. Further, total mat/yarn elongation
is not an accurate reflection of individual fiber elongation because it is difficult to quantify
fiber re-orientation within the mat and impossible to identify single fibers over the span of
a sample. Automated track post-drawing presents the opportunity to draw individual
polymer nanofibers from a known initial length to a known final length at a selected
uniform rate. With this system, the fibers are drawn immediately upon collection before
complete solvent evaporation so that they can be elongated in a semi-solid state that is ideal
for enhancing macromolecular alignment and mechanical properties. Since thousands of
individual fibers can be post-drawn simultaneously and then reassembled into a thick mat,
it is also possible to characterize the effect of individual nanofiber post-drawing using
macro characterization methods, such as X-ray diffraction, Fourier transform infrared
spectroscopy (FTIR), and conventional tensile testing.
4.2.2 Post-drawing polycaprolactone nanofibers. The effects of post-drawing on
polycaprolactone (PCL) nanofibers was evaluated by electrospinning fibers onto the
collecting device set to an initial 40 mm gap (L in Fig. 75A). Track angle (ϴ in Fig. 5A)
was adjusted from 90 to 60˚ so that fibers were elongated to draw ratios of 1, 2, 3, or 4
(DR1, DR2, DR3, DR4) before being transferred to the rack situated 11 cm below the top
of the device. Track speed was set to 8 mm/s for all samples, which resulted in a 0, 2.8,
5.6, and 7.7 mm/s, linear elongation rate for DR1, DR2, DR3, and DR4 samples,
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respectively. The average fiber diameter and fiber density of collected samples (Fig. 6)
were determined from scanning electron microscope (SEM) images. Undrawn nanofibers
(DR1) had a diameter of 857 nm and the observed diameter reduction associated with postdrawing (DR2 = 603 nm, DR3 = 481 nm, DR4 = 383 nm) was close to that predicted by a
conservation of volume model (L1*πr12 = L2*πr22, DR2 = 605 nm, DR3 = 494 nm, DR4 =
429 nm). The relative diameter distribution of nanofibers remained similar for all draw
ratios (standard deviation range from 8.6 to 13.7% of average). Some undrawn samples
were manually post-drawn at 2.5 mm/s within a collective mesh (Fig. 5D) 72 hr. after
fabrication (to allow for residual solvent evaporation) as a control (MDR). Unlike samples
drawn as individual fibers, these failed at a maximum draw ratio of 2.25 and exhibited
sporadic necking (Fig. 6) at a draw ratio of 2. We hypothesize that automated track drawing
was able to achieve greater draw ratios before failure (up to 4.5) because individual fibers
without fiber-fiber junctions were drawn uniformly over their entire span. Furthermore, it
is likely that residual solvent enhanced fiber extensibility because post-drawing occurred
immediately after electrospinning.
4.2.3 Macromolecular characterization. The effect of automated track postdrawing on PCL nanofiber macromolecular structure and organization was characterized
through Fourier transform infrared spectroscopy (FTIR) and wide-angle X-ray diffraction
(WAXD) analysis. Peak shifts were observed in the FTIR spectra of PCL nanofibers under
different processing conditions. Observed shifts indicate systematic changes in
macromolecular structure dependent on draw ratio (Fig. 7). As draw ratio increased, a new
peak, indicative of antisymmetric stretching of the CH2 bond, began to emerge at the 2920
cm-1 wavelength (Fig. 7B). At wavelength 1727 cm-1 (Fig. 7C) there is a peak shift as draw
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ratio increases. This shift indicates that there is stretching in the carbonyl bond (C═O)
associated with drawing. When a draw ratio is introduced, the characteristic peak at 1190
cm-1 experiences a systematic decrease in the strength of OC-O molecular stretching (Fig.
7D). Comparing all three shifts to randomly aligned control samples collected on a flat
plate shows that these trends begin in undrawn (DR1) samples and continue through
increasing draw ratio. This indicates that parallel plate electrospinning is in itself a postdrawing process. Control samples that were drawn within collective meshes to a draw ratio
of two (MDR2, Fig. 5D) had FTIR spectra similar to the automated track processed
samples (DR2, individual nanofiber drawing) at a draw ratio of two. This would indicate
that the observed changes in bond activity are related to the absolute magnitude of the draw
ratio and not the percentage draw ratio to failure, which occurred at 2.25 for collective
mesh samples and 4.5 for automated track drawn fibers.
Wide angle X-ray diffraction analysis (WAXD) was performed at 15˚ intervals
from 0 to 360˚ around samples in the plane of thin aligned fiber meshes (Fig. 8). Undrawn
(DR1), DR2, DR3, and DR4 samples were analyzed. An intensity differential was observed
at the characteristic 21.7˚ peak. Peak height was maximum parallel to the direction of the
nanofiber axis in all samples and weakest in the perpendicular configuration. DR4 samples
had the most pronounced intensity differential at this peak (83%) and DR1 had the smallest
(15%), indicating draw induced texture. WAXD results indicate that the fibers experienced
systematic enhancement of macromolecular alignment with increasing draw ratio.
4.2.4 Mechanical properties. Automated track post-drawing systematically
increased the strength, stiffness, and toughness of electrospun PCL nanofibers with
increasing draw ratio (Fig. 9). Ultimate Tensile Strength (UTS) was enhanced with
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increasing draw ratio to an overall 7.4x from undrawn samples to DR4. Young's modulus
was also enhanced systematically with increasing draw ratio to an overall 15.3x from
undrawn samples to DR4. These increases are in the same order of magnitude as reported
mechanical property enhancement associated with PCL microfibers post-drawn to draw
ratios of 4-25 under various conditions (UTS increased by 5-15x [16,104] & Young's
modulus increased by 3.75-11x [95,96]). Undrawn fibers collected across parallel plates
were 3.6x stronger and 3.2x stiffer than random electrospun meshes collected on flat plates.
This increase could be attributed to electrostatically induced stretching of the fiber across
the parallel plates, which could be considered to be a post-drawing process in itself and has
been shown to induce macromolecular alignment[111,112]. The maximum elongation at
break of PCL nanofiber samples decreased with increasing draw ratio by an overall 3.4x
from undrawn samples to DR4. However, DR4 nanofibers were still extensible to 42.5%
(σ = 7.1, n = 8) and the toughness of nanofiber samples increased with increasing draw
ratio by 2.8x from undrawn samples to DR4. Fibers drawn as a collective mesh (MDR2)
broke at lower elongation than all samples post-drawn using automated tracks. MDR2
samples were less than half as extensible as automated track drawn DR2 samples with
matched draw ratio and were even less extensible than DR4 samples that had been drawn
3x farther. The average UTS of DR4 postdrawn PCL electrospun nanofiber samples was
1.66 GPa (σ = 0.61, n = 8), which exceeds reported values for post-drawn PCL microfibers
(275-768 MPa) [16,104] and electrospun PCL nanofibers without post-drawing (3.5-600
MPa) [77,87,100]. The average Young's modulus of DR4 post-drawn nanofibers was 5.89
GPa (σ = 1.91, n = 8), which exceeds reported values for post-drawn microfibers (200-465
MPa) [16,95,96] and electrospun PCL nanofibers without post-drawing (0.62-3.7 GPa)
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[87,100,113]. Since postdrawing ratio is associated with a reduction in fiber diameter there
is an inverse relationship where mechanical strength increased with decreasing fiber
diameter (Fig. 10). This trend has also been observed in other studies where fiber diameter
was modulated by electrospinning parameters and not post-drawing[87,106,107].
However, with post-drawing associated fiber diameter reduction, the sharp exponential
increase in mechanical properties occurs at a higher fiber diameter and results in overall
stronger nanofibers [87]. This indicates that different mechanisms are involved in diameter
reduction strengthening associated with automated track post-drawing and diameter
reduction strengthening associated with inherent variations to the electrospinning process.
4.2.5 Applications. The need and potential impact of mechanically enhanced
electrospun polymer nanofibers reaches a wide variety of applications. One specific
application that requires stronger PCL nanofibers is tissue engineering grafts for load
bearing orthopedic applications. Directed long distance cellular growth is required for
regeneration of aligned tissues such as nerve, muscle, tendon, and ligament. Polymer
nanofibers, with similar size scale to cells, are able to promote cell alignment and
elongation along the nanofiber direction through physical guidance cues. Previous research
has established the potential of PCL nanofibers in such applications. However, in load
bearing applications, PCL nanofibers are much weaker than mechanically robust tissues
like ligament [100,114,115]. For example, PCL nanofiber grafts for anterior cruciate
ligament (ACL) replacement had a 7.4x lower failure strength and a 6.4x lower Young's
modulus than the native tissue [116]. Previous attempts to enhance the mechanical strength
by electrospinning high molecular weight PCL nanofibers raised the failure strength of
grafts by 2.4x, but still only reached 33% of the ultimate tensile strength of ACL tissue

35

[35]. The mechanical enhancement of PCL nanofibers demonstrated through post-draw
processing (7.4x ultimate strength and 15.3x Young's modulus) would be sufficient to
match native ACL mechanical properties for this application.
4.2.6 Scalability. Alteration of the electrospinning process can be divided into two
classifications, spinneret modifications or collector modifications [29]. Spinneret
modifications are generally employed when considering production rate limitations while
collector modifications focus on the fiber orientation and mesh architecture. Various
research conducted in the design of high throughput spinnerets, such as multiple spinnerets
and nozzleless spinning, increased production rates up to several thousand times that of
traditional electrospinning[31,117-119]. The automated track design would be considered
a modification of the collector stage which allows control over fibrous mesh organization
but also improves production rates because it is a continuous process capable of
overcoming charge buildup in deposited fibers. Furthermore, because this approach
involves a change in design of the collecting point rather than the spinneret, it is compatible
with most high throughput spinneret advances. For example, multiple automated track
devices arranged in a collecting array could be directly combined with a high throughput
nozzleless spinneret configuration.
4.3 Conclusions
In summary, the automated track approach facilitates integration of electrospun
polymer nanofiber manufacturing with critical post-drawing steps fundamental to
conventional fiber processing. The key elements of this technology include the ability to
postdraw individual electrospun nanofibers under controlled draw conditions,
simultaneous processing of thousands of fibers per minute, and the ability to draw semi-
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solid nanofibers immediately upon deposition/prior to complete solvent evaporation. This
investigation, performed using PCL nanofibers as a model system, demonstrated the
capability of automated track post-drawing to engineer polymer nanofibers with enhanced
macromolecular orientation and mechanical properties. The simplicity of this collectorbased approach renders it compatible with most polymers that can be electrospun across
parallel plates and it is expected to be compatible with high yield multi-needle and
nozzleless spinnerets for scalability.
4.4 Materials and Methods
4.4.1 Automated track device. The automated track collector utilizes variable
track angle to simultaneously elongate fibers as they are collected and overcome charge
buildup from collected fibers. Acrylic was used to fabricate the walls, baseplate, and
environmental chamber to reduce interference from conductive surfaces. A Computer
Numerical Control (CNC) mill was used to machine the walls and cut the channels which
hold the track shafts. A Legend36ext Laser Cutter was used to fabricate the baseplate and
environmental chamber. A 12V Compact Round-Face DC Gearmotor was installed to turn
the aluminum tracks. The aluminum tracks are made from latex (0.014 in. thick) with a
layer of aluminum foil tape (0.007 in. thick). The tracks are grounded using two terminal
blocks grounded to the voltage source. The terminals contact the moving tracks with wire
brushes extending from both terminals.
4.4.2 Electrospinning. An 18 wt.% PCL (mw 80,000 Sigma Aldrich) solution was
prepared in a 3:1 mixture of dichloromethane (DCM, Sigma Aldrich) and
dimethylformamide (DMF, Sigma Aldrich). Solutions were prepared in 20 mL glass vials.
Each solution was allowed to mix overnight at room temperature (65˚F). For all samples,

37

electrospinning was performed at a voltage of 10 kV with the needle positioned 17 cm from
the tracks for a period of fifteen minutes. The syringe pump (NewEra Pump Systems) was
set to a rate of 0.8 mL/h and extruded the polymer through a 21-gauge needle. Temperature
was monitored and samples were only collected between 55 and 65F˚. The device was
contained in an acrylic box to act as an environment control. This design served to further
insulate the electrospinning process from the surrounding environment, preventing
interference from outside conductive points and air flow from the fume hood. A humidifier
(ReptiFogger; ZooMed) and controller (HygroTherm; ZooMed) connected to the box
allowed the relative humidity (RH%) to be regulated and kept to a range of 45-55% for all
samples [120]. Eight samples at each draw ratio were collected (DR1, DR2, DR3, DR4).
Samples were also collected at DR1 and allowed to dry over 72 hr. before being manually
post stretched to a draw ratio of 2 (MDR2) by extending the width of the collecting rack at
a rate of approximately 2.5 mm/s. The extended drying time ensured that sufficient time
for solvent evaporation had passed and only completely dry fibers were tensile tested for
all MDR2 samples. Randomly aligned fibers were collected in the same manner and under
the same conditions by replacing the automated track collector with a flat, grounded
collection aluminum target. After fabrication, both drawn, and randomly aligned fiber
samples were mounted on plastic frames. Each sample contained a 12 x 7 mm nanofiber
square (Fig. 6). All tests were performed within two weeks of sample collection.
4.4.3 Material characterization. PCL samples of DR1-4, MDR2 and random
alignment were mounted on plastic slides (Fig. 8) and characterized with a Bruker Tensor
27 FT-IR Fourier transform infrared spectroscopy (FTIR) spectrometer. OPUS Data
Collection and Analysis Spectroscopy Software is used to analyze the FTIR spectra and
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characteristic peaks for each sample. The major characteristic peaks for PCL occur at
2949cm-1 and 2865cm-1, indicating CH2 vibrations and at 1727cm-1 indicating CO
vibrations. Peaks at 1165cm-1 and 1190cm-1 were also observed and analyzed. Full range
FTIR wavelengths of each sample type were normalized and plotted. Wide angle X-ray
diffraction (WAXD) analysis of PCL fibers was performed by FullScalleNANO Inc.
(www.fullscalenano.com, Tallahassee, FL) on fiber samples of DR1-4 mounted on
aluminum frames. Data was collected using a Siemens D500 Bragg Brentano goniometer
using unmonochromated CuKa (30mA at 40kV) with a graphite diffracted beam
monochromator and scintillation detector. Samples were mounted on a phi-axis rotation
stage and were aligned for attachment in the initial 0˚ rotation direction. Data was acquired
using 0.05 deg steps with a 2.4 deg/min scan rate. The data was collected at each phi-angle
where the phi-angle varied from 0 to 360˚ in 15˚ intervals. At 0˚ and 180˚ positions the
nanofibers are aligned parallel to the direction of the beam, at 90˚ and 270˚ positions the
nanofibers are aligned perpendicular to the beam. Peak height was normalized in Fig. 8.
4.4.4 Mechanical testing. To determine ultimate tensile strength, fibers were tested
in a SHIMPO tensile tester at a rate of 2 mm/min until failure. Samples are tested at low
strain rates to reduce noise and obtain smooth stress-strain curves. The slow strain rate also
eliminates the risk of causing brittle behavior induced by high rates of strain [113].
Individual framed samples were loaded into the SHIMPO and the sides cut away before
testing so that the nanofibers took on the entire load. Young's modulus was determined by
finding the slope of the linear region of the stress-strain curve which occurred between 0
and 0.35 strain for most samples. To determine where the linear region ended, first a linear
trendline was fit to the full plot to failure of each individual curve obtained for each sample.
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If the r2 value for the trendline was <0.95 then the range of data used to generate a new
trendline was incrementally decreased to improve the linear fit. The lower endpoint was
fixed at zero and the upper endpoint was decreased from the strain at failure toward zero
in 0.05 increments of strain. This process was repeated until the r2 value for the trendline
was >0.95, indicating a 95% fit to the curve. The slope of the equation of the trendline was
taken as the Young's Modulus for that particular sample. Toughness was calculated using
the stress-strain curves for each sample prior to failure. Riemann sums were used to find
the area under the curve for each sample. Averaging these values determined the average
toughness per draw ratio.
The cross-sectional area of samples was determined with SEM imaging. For each
sample, five pictures were taken at 850x magnification to determine fiber density and five
pictures were taken at 8500x magnification to determine individual fiber diameter. The
ImageJ plug-in Cell Counter was used to quantify the number of fibers over a distance of
100 mm perpendicular to fiber alignment. Fiber diameter was determined with the
measurement tool in ImageJ. An average of both values was taken for each sample to find
average number of fibers per 100 mm perpendicular to fiber alignment and average fiber
diameter per sample, seen in the table in Fig. 6. Total number of fibers per sample was
calculated as the average number of fibers per 100 mm multiplied by 120 for a 12mm wide
sample. The average fiber cross-sectional area was calculated as .25*π *(Avg. Diameter)2.
Total sample area was then calculated as total number of fibers multiplied by average
individual fiber cross sectional area. Stress was calculated as the moving average force
exerted during testing divided by the calculated cross-sectional area of the individual
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sample tested. Strain was calculated as displacement - initial sample length divided by the
initial sample length of 7 mm.
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Figure 4. (A) The electric field (field strength vectors in red, adapted from Li et al. [54],
generated by a parallel plate collector induces electrospun nanofibers to align orthogonal
to the direction of the plates and extend across the air gap between them. (B) Substitution
of static parallel plates with automated tracks facilitates continuous collection of aligned
individual fibers that are pulled down away from the collection area as they are deposited.
(C) Post-drawing processing of thousands of individual fibers per minute was enabled by
changing the angle of the tracks so that each fiber is elongated as it travels down away from
the deposition area. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article)
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Figure 5. (A) As fibers travel down the tracks they are deposited on a collecting rack placed
inside of the device. Shear forces generated as the track moves past the rack cause
individual fibers to break at their ends and transfer from the automated tracks to the static
collecting rack. Processing conditions of final collected nanofibers are determined by the
fixed positions of the tracks and the collecting rack as well as the velocity, V, of the tracks.
Draw ratio (DR) and draw rate can be independently controlled by modifying these
parameters with an adjustable device pictured in (B). A collective mesh of thousands of
individually post-drawn aligned nanofibers is shown on the (C) rack after removal from
the device. (D) Control samples (MDR) were collected on the rack without drawing θ = 90°
and then manually post-drawn within a collective mesh.

43

Figure 6. Top) Scanning electron microscope (SEM) images show
polycaprolactone nanofiber morphology for aligned samples individually post-drawn with
the automated track device to a draw ratio of 1 (undrawn), 2, 3, or 4; control samples postdrawn within a collective mesh to draw ratio 2; and control samples collected on a flat
plate. White arrows point to fiber necking. (Bottom left) Average values of initial and final
post-drawn fiber length, fiber diameter and total number of fibers per samples are shown
with standard deviation for n = 8 replicates per group. (Bottom right) Samples were
mounted on a plastic frame for subsequent tensile testing.
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Figure 7. (A) A comparison of the full range FTIR spectra (3200 cm−1–1000 cm−1) of
polycaprolactone fiber samples subjected to different processing conditions. As draw ratio
increases, a new peak emerges at 2920cm-1, pictured in (B). The characteristic peak at
1727 cm−1 (C) undergoes an incremental shift to the right with increasing draw ratio. In
(D) the characteristic peaks 1165 cm−1 and 1190 cm−1 experience a systematic change
where 1165 cm−1 increases in intensity and 1190 cm−1 decreases with increased draw ratio.
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Figure 8. Wide angle x-ray diffraction (WAXD) intensity was recorded at 15° intervals
around aligned PCL nanofiber samples in the plane of the thin multi-fiber array. Samples
with draw ratio (DR) from 1 to 4 all experienced an intensity differential at the 21.7° peak
depending on the angle of the x-ray beam relative to the direction of the fiber axis. Peak
differential, which was highest parallel to the fiber axis and lowest perpendicular to the
fiber axis, increased with increasing draw ratio indicating post-drawing induced
macromolecular orientation.
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Figure 9. Tensile testing results for electrospun polycaprolactone (PCL) nanofibers
individually post-drawn to a draw ratio (DR) of 1 (undrawn), 2, 3, and 4 are plotted with
control PCL nanofibers post-drawn within a collective mesh to a ratio of 2 (MDR2) and
samples collected on a flat plate as a random mesh (Rand). The stress strain curve of a
representative sample of each DR1, DR2, DR3, DR4, MDR2, and Rand are plotted at
top-left. Ultimate strength, Young's modulus, elongation at break, and toughness were
calculated from stress strain curves for n = 8 samples of each. All group-to-group
comparisons with post hoc Mann-Whitney test have a p-value of p < 0.01 except for
those connected by lines.
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Figure 10. The ultimate strength of various PCL structures is plotted against fiber diameter
or film/bar thickness (x-axis in log scale). For automated track, individually post-drawn
electrospun nanofibers (AT Post-drawn Espun nanofiber) decreasing diameter is mediated
by post-drawing from draw ratios (DR) of 1, 2, 3, and 4. The largest diameter point on that
curve was collected as a random mesh. For other electrospun nanofibers (Espun nanofiber)
decreasing diameter is mediated by changing solution concentration or preferential
individual fiber selection from a diameter distributed sample. For films (Post-drawn film)
decreasing thickness is mediated by bi-axial drawing. For melt and wet spun fibers (Postdrawn conventional fiber) diameter is decreased by post-drawing, but diameter can be
made consistent for different draw ratios by adjusting the pre-drawn fiber diameter. Only
one thickness of PCL bars (Bulk PCL) were reported [121-123].
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Chapter 5:
Electrospinning and Post-Drawn Processing Effects on the Molecular Organization
and Mechanical Properties of Polyacrylonitrile (PAN) Nanofibers
The information in Chapter 5 has been previously published in MRS communications and has been
reproduced here with permission from the publisher. MRS Communications (2019)

This paper reports the molecular organization and mechanical properties of
electrospun, post-drawn polyacrylonitrile (PAN) nanofibers. Without post-drawing, the
polymer chain was kinked and oriented in hexagonal crystalline structures. Immediate
post-drawing in the semi-solid state disrupted the crystal structures and chain kink at
maximum draw ratio. Structural re-orientation at maximum draw resulted in a 500%
increase in Young’s modulus and a 100% increase in ultimate tensile strength. By applying
post-drawing to electrospinning, it may be possible to obtain PAN fibers and PAN-derived
carbon fibers with enhanced mechanical properties compared to available fabrication
technologies.
5.1 Introduction
Polyacrylonitrile (PAN) is a synthetic acrylic resin which is a popular material in
high-performance technologies due to several properties including thermal stability,
chemical resistance, and high mechanical strength. These properties of PAN fibers make
them viable for cement reinforcement, filtration, absorption, insulation, energy storage,
sensors, and flame-resistant fabric. The production of synthetic carbon has been a major
focus in materials science and manufacturing since 1886 when the National Carbon
Company was formed. Considerable research has pursued the manufacture of carbon
nanofibers for their high-performance properties including exceptional mechanical
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strength, electrical conductivity, thermal stability, and chemical resistance.[109] Precursor
materials with a carbon backbone, such as PAN, pitch, or lignin; can be converted to carbon
through a pyrolysis process, the most common method of carbon fiber manufacture. PAN
is regarded as an excellent carbon fiber precursor and is the most common precursor
material for carbon fiber production, utilized in approximately 90% of carbon fiber
manufacture worldwide. [109] The popularity of PAN fibers is due to a higher carbon yield
and stronger resultant fibers after carbonization compared to other precursor
materials.[109] Furthermore, precursor PAN fibers allow a higher rate of pyrolysis and
have a lower cost in comparison to other common carbon precursor materials. Currently,
the strongest carbon fibers available are manufactured from conventionally spun PAN
microfibers and possess a tensile strength of approximately 7 GPa at a diameter of 5 μm
after carbonization, however; the maximum theoretical strength of carbon fibers is
estimated to be in the range of 150–180 GPa[109]. It has been established that fiber tensile
strength increases when the diameter is reduced for fibers produced from various materials
and manufacturing methods[64,124]. For example, the tensile strength of carbon
microfibers from polymer precursors increased from 2 to approximately 8 GPa when fiber
diameter was reduced from 12 to 6 μm[64]. However, when manufacturing precursor fibers
through conventional spinning it is only possible to reduce precursor fiber diameter by
decreasing the size of the spinneret opening and post-drawing after spinning[125]. Through
these methods the PAN precursor fiber diameter can only be reduced to 10 μm, resulting
in a PAN precursor fiber tensile strength and elastic modulus up to 512 MPa and 6 GPa,
respectively[60,126]. The diameter of these 10 μm PAN microfibers is reduced to 5 μm
after carbonization, increasing ultimate tensile strength and Young’s modulus up to 7 and
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294 GPa, respectively.[109] PAN fibers manufactured with alternate approaches and
nanoscale diameters far <10 μm may possess enhanced tensile strength and push the
mechanical properties of resultant carbon fibers toward theoretical values. Additionally,
many high-performance applications require materials with nanoscale dimension.
Chemical vapor deposition (CVD) is one alternative method of carbon fiber production
which can produce fibers smaller than 5 μm, however; this process introduces different
limitations. CVD is associated with a higher cost, lower carbon yield, short fiber length,
difficulty handling for further processing, and faces difficulties in mass production.
Electrospinning offers another alternative method to manufacture precursor fibers from
PAN in the nanoscale. However, electrospun nanofibers are weaker than conventionally
produced microfibers of the same materials despite significantly smaller diameters.[17]
Electrospun PAN nanofibers have exhibited ultimate tensile strengths of 45–50 MPa and a
tensile modulus of 0.5–0.8 GPa.[60,63]After heated drawing well above ambient
temperature, PAN precursor tensile strength increased up to 372 MPa and Young’s
modulus increased up to 11.8 GPa. [60,63] Carbon fiber yarn from electrospun and hot
drawn PAN yarns may possess a tensile strength of 1.2 GPa and a modulus of 40 GPa.[63]
Carbon fiber from electrospun PAN single fibers may possess tensile strength up to 3.5
GPa and a modulus of 191 GPa.[127] These values are comparable but do not exceed the
mechanical strength of conventional carbon microfibers, regardless of high-temperature
fiber post-drawing or diameter reduction. Studies have shown that residual solvent in
electrospun fibers allows polymer chain relaxation, causing unorganized polymer chain
conformation within individual fibers.[17] This results in a loss of macromolecular
organization contributed by the electrospinning process and creates fibers with mechanical
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properties below both theoretical nanofiber values and reported values for conventional
microfibers. Chain relaxation caused by residual solvent occurs in electrospinning rather
than conventional solution spinning due to differences in manufacturing and processing
methods, specifically, the absence of a semi-solid drawing stage. Ideally, the drawing
process would occur as the solvent evaporates and the polymer is still moldable, preventing
chain relaxation during fiber drying. The application of a drawing stage has been well
documented to improve the mechanical properties of conventionally manufactured PAN
fibers.[8] Conventional spinning involves the extrusion of the material through a die
followed by several stages of post-drawing and tensioning of the fiber in the semisolid or
solid state to reduce polymer chain relaxation. During post-drawing, the fiber elongates,
and fiber diameter decreases while polymer chains uncoil and extend. Extended chains
align and compact together under continued draw and diameter reduction, as illustrated in
Fig. 11. Post-drawing and tensioning in the semi-solid or solid state prevents the
subsequent reversal of chain organization that would occur due to rapid chain relaxation in
the dilute polymer solution. Aligned and organized polymer chains become more prevalent,
which has previously shown to be a primary source of mechanical strength in polymer
fibers and has shown to improve the mechanical properties of the carbon fibers after
pyrolysis.[128] In addition, the strength of a material is limited by the presence of small
defects, such a surface cracks, in the material.[124] The decrease in fiber diameter during
drawing also reduces the probability of a defect occurring; resulting in a material with
mechanical properties closer to theoretical values.[64,101,129] The inclusion of a drawing
stage is ideal to overcome these limitations but is difficult to implement in the
electrospinning process.[8] In electrospinning, the polymer solution is pulled through a
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spinneret by a high voltage and after exiting the needle the jet of polymer solution is subject
to strain rates up to 105 s-1 and draw ratios as high as 105. However, jet induced orientation
can be reversed because residual solvent allows fast polymer chain relaxation and results
in nanofibers with low molecular orientation and mechanical strength.[17] Drawing
meshes of fibers after collection results in junctions at fiber crossover, which cause
nonuniform draw and by extension nonuniform mechanical properties. In comparison, the
drawing of single fibers would be highly inefficient. Furthermore, it has also been observed
that post-drawing after carbonization does not improve the macromolecular orientation and
mechanical properties of the fibers.[64] Therefore, the drawing process must be included
during precursor fiber processing, while the fiber remains moldable. Here a method of
electrospinning is described which enables the possibility of post-drawing electrospun
nanofibers in the semi-solid state to impart organized polymer chain structure and prevent
spontaneous chain relaxation during collection. This unique method utilizes a parallel
automated-track collecting device to overcome the size limitations imposed by
conventional spinning and the processing limitations associated with electrospinning. The
automated-track design combines vital post-processing methods of conventional spinning
and the diameter range of electrospinning to extend post-drawn processing to nanoscale
polymer fibers. This study investigates the effect of automated track drawing at increasing
draw ratios on the properties of electrospun PAN nanofibers.
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5.2 Materials and Methods
5.2.1 Electrospinning. An automated-track collecting device, unique to our
laboratory (Fig. 11), employs a set of adjustable tracks and allows individual nanofibers to
be simultaneously collected and drawn to induce macromolecular alignment before
assembly into a mesh, as described previously.[99] Electrospun PAN nanofiber samples
were collected and post-drawn to four increasing draw ratios (DR = Final Length/Initial
Length); from 1:1 (DR1) where fibers are collected across parallel tracks and removed
without drawing, to 1:4 (DR4) where fibers are drawn from an initial length of 4 cm to a
final length of 16 cm. Randomly aligned control fiber samples were collected on a flat,
aluminum plate under the same conditions and without further processing. Electrospinning
was completed using 18% wt./wt. PAN (MW 150,000 Da, Sarchem Labs) dissolved in
dimethylformamide (DMF, Sigma Aldrich) mixed at 60°C for 24 hrs. The polymer solution
was loaded into a syringe pump (New Era Pump Systems) and fed through a 21-gauge
needle at a rate of 1.5 mL/hr. The PAN solution was heated to 45°C with a syringe heater
and the relative humidity was kept in the range of 10–40% to produce smooth, uniform
fibers in a continuous process. Electrospinning was performed at 15 kV with the needle set
15 cm above the initial gap of the automated-track target. Fibers were collected between
two tracks, 10 cm in width, for 2 minutes per sample. The track speed remained at 8 mm/s
for all samples, resulting in a 0, 2.8, 5.6, and 7.7 mm/s linear elongation rate for DR1, DR2,
DR3, and DR4 samples, respectively. Six samples (n = 6) were spun for each collection
condition and analyzed as described in the following sections. After collection, fibers were
transferred onto plastic slides which can hold four, 1 × 1 cm2, nanofiber sheets for testing
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and characterization. Further details of the automated-track system and nanofiber
collection are described in a previous paper.[99]
5.2.2 Fiber morphology. A desktop scanning electron microscope (SEM, Phenom
Pure) was used to observe fiber morphology, individual fiber diameter, fiber density and
alignment in the 1 × 1 cm collective sheet. Fiber meshes from each sample set were
observed under 800x and 8000x magnification to measure fiber mesh density and
individual fiber diameter, respectively. Image J software was used to measure fiber
diameter, evaluate the density of the fiber arrays, and quantify fiber alignment from SEM
images. Individual fiber diameter and collective sheet density measurement were used to
determine the total cross-sectional area of each 1 × 1 cm sample used for stress-strain
analysis. The average fiber diameter was calculated from measurements taken from 5
images per sample at 8000x magnification (n=5). The average density of the fiber mesh
was determined using the Cell Counter plug-in to tally the number of fibers per 100 μm
orthogonal to the draw direction from 3 images per 1 × 1 cm sample taken at 800x (n = 3).
The total cross-sectional area of a sample was calculated as the average cross-sectional
area of an individual fiber multiplied by the average number of fibers in a 1 × 1 cm sheet.
ImageJ was also used to analyze fiber alignment within the mesh and assess the degree of
deviation from the intended direction of fiber orientation. Perfect alignment of fibers
relative to the intended direction is defined as 0° and 90° indicates alignment perpendicular
to the intended direction.
5.2.3 Polymer chain orientation. The molecular alignment of samples collected
at each draw ratio (DR1–DR4) was analyzed using polarized Fourier-transform infrared
spectroscopy (FTIR) (Thermo, IS50 Nicolet). As a control, the orientation factor was also
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calculated in the same way for conventionally manufactured PAN microfibers kindly
donated by Sarchem Labs. In unpolarized light, rays oscillate normal to the beam axis in
any possible vibrational plane orientation. Using a polarizing filter, only light vibrating in
a single direction can contact the sample. The direction of polarization (parallel versus
perpendicular) is defined in relation to the ray vibration direction and orientation of the
sample surface (fiber axis). For our experiments, parallel polarization (A||) coincides with
light vibrating in the same direction as the fiber axis and perpendicular (A⊥) denotes
vibrations normal to the fiber axis (Fig. 13). The FTIR polarizer orientation was verified
by validating the orientation of the FTIR polarizing lens, as described in the Supplementary
Material. When the polarized light contacts the material the intensity of the resultant peak
is greatest when it is at the same angle as the chemical bond represented by the peak. The
macromolecular orientation of fibers collected on a flat plate could not be assessed due to
the random alignment of the fibers. Samples collected on the automated-tracks had
sufficient degree of fiber alignment for characterization of macromolecular orientation
with polarized FTIR and were loaded into the spectrometer vertically (Fig. 13A). Omnic
software was used to obtain spectra and analyze changes in peak intensity to evaluate
changes in polymer chain orientation with changing draw ratios. The peak at 2240 cm-1
depicts the presence of the triple bonded nitrile group (C ≡ N) inherent to PAN and was
used to evaluate change in polymer backbone orientation with draw. Dichroic ratio (D)
(Eq. (1)) was determined as the ratio between the normalized parallel (A||) and
perpendicular (A⊥) absorption peaks (Fig. 13). An isotropic material will have a dichroic
ratio of 1. In the configuration used (Fig. 13), chemical bonds with dichroic ratio >1
absorbed more parallel polarized light and are aligned toward the direction of the fiber axis.
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Chemical bonds with dichroic ratio <1 absorbed more perpendicular polarized light and
are aligned toward the direction perpendicular to the fiber axis. However, since the C ≡ N
group is not aligned in the same direction as the PAN polymer chain backbone a correction
(Eqs. (1)–(3)) must be made to determine backbone alignment via (C ≡ N) characterization.
The dichroic ratio for a polymer backbone with optimal orientation in the direction of the
fiber axis (D0) was calculated using the transition moment angle (α) of 70° for the triple
bonded nitrile group. The transition moment angle is the average angle of the nitrile group
relative to the backbone of the polymer chain. Because this nitrile bond is rigid and the
angle from the backbone is constant, the angle can be used to calculate D0 (Eq. (2)).
Herman’s orientation factor (f) (Eq. (3)) was then calculated using the D and D0 to
determine the average orientation of the polymer chain backbone relative to the axis of the
polymer fiber. For materials with polymer chain backbones aligned perfectly with the fiber
axis f is 1 and the angle between the fiber axis and the backbone is zero (σ = 0°). Isotropic
samples with no orientation have a value of f = 0. Materials with polymer chains lying
perfectly perpendicular to the fiber axis would have a value of f = −0.5 and the angle
between the fiber axis and the backbone is σ = 90°.[95] Electrospun fiber samples collected
at DR1 and DR4 were also examined with x-ray diffraction (XRD) using a Panalytical
Empyrean diffractometer with Cu Kα radiation to confirm orientation obtained from
polarized FTIR. Measurements were done in Bragg-Brentano geometry with a parallel
beam mirror and ¼° divergence slit. A parallel plate collimator was used to minimize the
noise, and data were collected with a Pixel detector. Measurements were made every 0.05°
at a rate of 30 s per point. Samples were visually oriented and then rotated on a 5-axis
Eulerian cradle in 15°increments from the fiber axis.

57

5.2.4 Mechanical properties. The mechanical properties of the fibers were
assessed by uniaxial tensile loading in a Shimazdu EZ-SX tensile tester with a 2 Newton
load cell. Individual slides of 1 × 1 cm fiber sheets were secured in the clamps of the device
and the sides of the collection slide are cut away so only the fiber sheet is loaded. Each
sample was then elongated at a rate of 5 mm/min until failure. The ultimate tensile stress
was calculated as the recorded load divided by the fiber sheet cross-sectional area obtained
from measurements of SEM images (section “Fiber morphology”) Young’s modulus was
determined by calculating the slope of the initial, linear portion of the stress-strain curve,
for strain from 0 to 0.01. The strain was calculated as the change in length divided by the
initial length of the sample in the fiber axis direction (10 mm) and the maximum elongation
was recorded at the point of sample failure. Toughness was calculated as the area under the
stress-strain curve, using Riemann sums. Statistical significance of sample sets was
determined by group-to-group comparison with Mann–Whitney tests in IBM SPSS
Statistics software.
5.3 Results and Discussion
5.3.1 Electrospinning. The automated-track system was able to post-drawn
individual PAN nanofibers up to a draw ratio of four (4 cm up to 16 cm) (DR4) and collect
the fibers in aligned arrays. Electrospun nanofibers deposited across the top gap of the
device and the automated tracks pulled the fibers down, away from the initial point of
collection and the high voltage source. The adjustable angle of the tracks allowed the
drawing of thousands of individual fibers per minute. As the fiber traveled down the tracks
it reached a stationary collection tray which sheared the fiber from the tracks and fixed the
opposite ends of the fiber to the tray to maintain tension after collection. The automated-
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track electrospinning design facilitated the integration of electrospinning and the postdrawing process fundamental to conventional fiber production. This system elongates
fibers immediately upon collection and has previously shown to produce fibers from
polycaprolactone with mechanical properties exceeding values previously obtained
through both electrospinning and conventional manufacture.[99] The key elements of this
design are the ability to draw individual fibers, the simultaneous processing of thousands
of fibers, drawing while the solvent evaporates, and compatibility with polymers which
can be electrospun across parallel plates. A DR4 was the maximum achievable draw using
the PAN polymer solution and spinning parameters reported in the section
“Electrospinning”. The environmental conditions during spinning have a major effect on
the ability to spin and draw fibers consistently; deviations outside of the optimal parameters
listed consistently result in fibers breaking or peeling from the tracks before collection or
the complete inability to spin. Further optimization of environmental conditions,
electrospinning and polymer solution parameters, and the draw rate may allow greater draw
ratios to be obtained. Additionally, the ability to post-drawn PAN nanofibers in elevated
temperature conditions is expected to allow fibers to be drawn to much greater draw ratios.
5.3.2 Fiber morphology. PAN nanofibers with smooth surfaces, without beads or
pits, were produced for all four draw ratios. This was achieved by optimizing the
electrospinning parameters, as described in detail in the section “Electrospinning”. The
fiber diameter showed a systematic reduction from 708 to 289 nm with increasing draw
ratio from random alignment to DR4. The final diameter of drawn fibers had an average
standard deviation of 27 nm compared to undrawn fibers collected on a flat plate with a
standard deviation 112 nm. Alignment of the fibers is achieved by collection between
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parallel tracks and stays consistent between samples of different draw ratios, where 0°
indicates perfect alignment between automated-tracks and 90° represents alignment
perpendicular to the draw direction of the tracks (Fig. 12(c)) Fibers collected on a flat plate
had high variation in alignment for all samples, with alignment deviating as much as 90°
in either direction. Fibers collected between the automated tracks at DR1 had a smaller
distribution, varying 20° from the direction of draw. Beyond DR2, most fibers collected
have predominantly ideal alignment, on average deviating by 10° from the direction of
draw. Fibers collected across the automated-tracks appear to be free of surface defects,
such as cracks, beads, and necking which cause stress concentrations in the fiber which
limit the strength of the material and lead to premature failure.[8,124]
5.3.3 Polymer chain orientation. The effect of automated-track post-drawing on
PAN nanofiber polymer chain order was assessed by polarized FTIR to calculate Herman’s
orientation factor. Changes in dichroic ratio for the nitrile group absorption (wavelength
2240cm-1) were observed with increasing draw ratio. The nitrile absorption intensities for
samples collected on the automated-tracks were greater when the FTIR beam was polarized
parallel to the fiber axis. This resulted in dichroic ratios >1 at this wavelength and indicated
anisotropic polymer chain structure. Fiber samples collected on the automated-tracks
produced negative Herman’s orientation at every draw ratio (Fig. 13(c)). At DR1 there is
a high degree of polymer backbone orientation perpendicular to the fiber axis, expressed
by the Herman’s orientation factor of −0.377. The orientation factor became less negative
as the draw ratio was increased from DR1 to DR2, DR3 and DR4. When collected at DR4,
the orientation value had increased to −0.054, representing an 85% change in orientation
factor. The changes in Herman’s orientation factor indicate a systematic change in polymer

60

chain orientation with increasing draw ratio. The Herman’s orientation factor calculated
for all automated-track samples exhibited acutely different trends compared to values
commonly reported in the literature for electrospun PAN nanofibers. Studies of
commercially available conventional PAN microfibers and electrospun nanofibers
generally report positive orientation factors approaching values of 1, indicative of a high
degree polymer chain alignment to the fiber axis.[101,126,129-131] In contrast, the
orientation factor of fibers collected on the automated-track device is negative and
approach 0 with increasing draw ratio. This indicates that the electrospun PAN nanofibers
in this study have backbone alignment perpendicular to the fiber axis. A trend toward f =
0 is generally accepted to depict a decrease in macromolecular order so the data initially
could indicate that the polymer chains in the PAN nanofibers are becoming more
disordered with increasing draw ratio. This is unexpected considering previous studies
have established that fiber drawing increases chain alignment with the fiber axis (draw
direction) from low to high order for both conventional and electrospun fibers.[129,131]
As a control, the same procedure was performed for commercially available PAN
microfibers (Sarchem Labs) and obtained positive orientation values (0.37) comparable
with previous reports for meltspun PAN microfibers, drawn PAN films, and electrospun
PAN nanofibers.[60,101,131] We hypothesize that the systematic approach of orientation
values toward f = 0 with increasing draw ratio indicates a change in the PAN chain
conformation rather than just a trend toward isotropic disordering of polymer chains. It is
probable that the negative orientation factors at DR1 indicate the organization of polymer
chains into kinked lamellar structures, which has been observed for the crystalline state of
polymers.[72] Furthermore, research in melt spun polymers described the development of
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folded chain lamellar structures, oriented in rows perpendicular to the fiber axis (draw
direction) when subject to low strain.[132] Under sufficient drawing strain, the lamellar
structure deforms by slip with polymer chains pulled out and aligning in the direction of
draw.[79] Conventionally manufactured and drawn PAN fibers and films have also been
described as laterally ordered in some cases.[133] This is due to the steric and dipolar
repulsions inherent to the polymer, which created a twisted, folded structure in the polymer
chain, even in the presence of draw. The change in Herman’s orientation factor with the
angle between polymer backbone and fiber axis (σ) is plotted in Fig. 13(d). This graphical
representation shows how an orientation factor of −0.5 could indicate the preferential
alignment of the polymer chain with a kinked lamellar geometry at an angle of 90°.
Therefore, we propose that the negative orientation factor, approaching zero with increased
draw ratio, represents the disruption of the lamellar structure by post-draw processing.
Although the values remain negative throughout post-drawing, the major change in
orientation factor indicates that the PAN chain moves away from a high degree of
perpendicular orientation to straighter unkinked chains. The effect of automated-track
drawing on polymer chain orientation was also analyzed using XRD. Similarly, XRD
results indicate that sample DR1 displays preferential alignment of the chains
perpendicular to the fiber axis (Fig. 13(e)). At DR1, crystal alignment is predominately 0°–
30° from the fiber axis (Fig. 13(g)). This is the characteristic hexagonal packing as
indicated by the 17.3° peak (marked in red) of the (200) hexagonal reflection. The breadth
of the peak indicates that the crystallite size is quite small, approximately 3 nm based on
the Scherrer equation.[134-136] Along the fiber axis (χ = 0°), there is only a peak near 2ϴ
= 19° which decreases in intensity as χ increases to 90°. This indicates the chains are not
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amorphous and have some ordering along the chain direction (Fig. 13(g)). In comparison,
the DR4 sample showed a wider, less defined peak at 17.3°, showing no obvious indication
of crystallization into a hexagonal structure. Furthermore, along the fiber axis there is a
broad peak at 2ϴ = 19° which shifts downward as χ increased to 90° (Fig. 13(e)). XRD
clearly indicates that the sample collected at DR1 shows splaying of the chains with respect
to the fiber axis. Crystallization occurs normal to the chain axis, where chain alignment at
90° corresponds to crystal alignment along the fiber axis (Fig. 13(g)). Yet, with a range of
only 30° from the fiber axis, the alignment distribution is too narrow to explain the FTIR
results. However, the small lateral crystal size is similar to values previously reported for
electrospun PAN; and could be an indication of kinks in the chains, which would also tend
to contribute to the observed negative value of the Herman factor. For DR4, the shift of the
XRD peak from 19° to 18° as the sample is rotated about the fiber axis may indicate some
alignment of the chains, as the 18° peak may be the superposition of the 17° and 19° but
are unresolved due to breadth. If true, the splaying of the polymer chains has a greater
range in DR4 as compared to that of DR1, varying up to 60° from the fiber axis as seen in
Fig. 13(g). This splaying may yield a more negative value for orientation factor compared
to DR1, however; drawing during DR4 collection likely impedes crystal formation and
chain kinking, thereby leaving an effectively random distribution of straight chains, in
accord with FTIR results. The automated-track drawing most likely reduces crystallinity
by either a disruption of crystallization kinetics or the removal of inherent crystalline
structure. It is possible that the crystallization into a hexagonal structure is disrupted
because drawing occurs immediately upon collection, extending the molecular chains
faster than the rate of crystallization. Conversely, the crystal formation may begin as the
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polymer is ejected from the spinneret and is present in the fiber upon deposition. In this
case, the drawing process would remove crystalline structures and kinks, reducing
crystallinity as the polymer chains are extended. Additionally, this agrees with predictions
which suggest that fewer kinks would result in enhanced modulus and lower elongation, as
observed.[134]
5.3.4 Mechanical testing. The process of drawing the PAN fibers using the
automated tracks systematically increased the mechanical properties of the fibers with
increasing draw ratio (Fig. 14(a)). The ultimate tensile stress increased by 2 times from
undrawn (DR1) to DR4. In a similar manner, Young’s modulus increased by 6 times at
DR4 compared to DR1. The elongation at failure decreased from 3.58 to 1.8 mm from DR1
to DR4, however; DR4 samples are still extensible up to 18% their original length.
Toughness remained statistically similar between samples from random to DR4. The
average ultimate tensile stress and Young’s modulus of elasticity of fibers collected at DR4
are 354 MPa and 16.5 GPa, respectively. The drawing process improves mechanical
strength by removing kinks from polymer chains as the fiber lengthens and diameter is
reduced. The strength of a material is also limited by the presence of small defects, such as
cracks or voids, in the material.[124] Decrease in fiber diameter reduces the probability of
a defect occurring in a fiber compared to bulk material, thus increasing material
strength.[101,131] The mechanical properties obtained for automated-track fibers are
comparable to commercially available PAN microfibers with a modulus of 7–10 GPa.[137]
Nanofibers collected via the automated-track are also comparable to the values previously
reported for electrospun PAN fibers bundled into yarns and dry-drawn at 140°C, which
also exhibit a systematic increase in tensile strength with an increased draw. When bundled
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into a yarn and drawn to a ratio of five, the electrospun PAN yarns had a tensile strength
of 362 MPa and Young’s modulus of 9.2 GPa[63]. Pictured in Fig. 14(b), PAN nanofibers
collected and drawn via the automated-track design (green) have a tensile strength greater
than most previously reported electrospun nanofibers of the same diameter (purple).
Furthermore, the tensile strength is similar to some conventionally manufactured,
commercially available PAN microfiber (red). The tensile modulus of automated-track
PAN fibers meet or surpass previously reported values for PAN fibers, except for wet spun
microfiber produced by Courtalds Fibers and ultra-high molecular weight microfibers
prepared by Sawai et al.[129,131] Interestingly, automated-track nanofibers (green)
achieve proportionate mechanical properties with low orientation factor compared to PAN
fibers in the literature (red/purple) (Fig. 14(c)). It is reasonable to expect that the orientation
factor of the automated-track fibers can be increased through additional processes such as
thermal post-drawing, similar to multistep drawing common in conventional PAN
microfiber manufacture.[125] In addition, it is anticipated the mechanical strength will
increase accordingly with orientation. Therefore, it is feasible that the mechanical
properties of automated-track PAN nanofibers could be engineered to exceed values of
fibers produced by other manufacturing methods.[60,63,101,108,126,130,131,133,138141]
5.4 Conclusions
Electrospun PAN nanofibers have promising applications in numerous fields.
However, current manufacturing restrictions limit the material’s strength and potential
utility. The inclusion of a post-drawing stage is vital to improve the molecular orientation
and mechanical properties of electrospun PAN nanofibers. The automated-track collector
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presented here successfully implements the ability to post-draw individual PAN fibers in
the nanoscale, addressing points of difficulty in electrospinning and conventional PAN
fiber production, respectively. Analysis of polarized FTIR and XRD indicates that the
polymer chain backbones of undrawn automated-track fibers are organized into hexagonal
structures with kinked chain segments aligned perpendicular to the fiber axis. With
increasing draw ratio, the polymer chains were pulled and extended in the draw direction,
illustrated by a systematic increase in Herman’s orientation factor, diminishment of the
crystalline peak in XRD, increase in modulus, and reduction of max elongation. The
Young’s modulus of PAN nanofibers increased by 500% and the ultimate tensile strength
increased by 100% as a result of increased orientation via post-drawing up to a DR4. The
method of electrospinning described in this study offers an alternative means to produce
nanoscale PAN fibers with altered macromolecular structures and improved mechanical
strength. Current data suggest that further testing will reveal carbon fibers made from
drawn precursors will have enhanced mechanical, electrical, thermal, and chemical
properties. Additionally, the automated-track design is compatible with most polymers
which can be spun across a parallel plate. With a simple and versatile production and
processing method, enhanced electrospun polymer nanofibers can be used more frequently
in wider variety applications.
5.5 Automated Track Polymer Compatibility: A Comparison of Polycaprolactone
and Polyacrylonitrile
Nanofibers were successfully spun from both PCL and PAN, two polymers of
interest in numerous applications. In both studies it was possible to draw the materials up
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to 4 times their initial length and produce fibers with reduced diameters and smooth
surfaces free of defects.
Dichloromethane (DCM) and Dimethylformamide (DMF) are commonly used to
prepare polymer solutions for electrospinning. DCM has a peak at approximately 3100cm1

and 700 cm-1 which would be easily identifiable in the PCL spectra, while DMF has a

prominent peak at 1673cm-1 which would be visible in both PCL and PAN[142,143]. The
absence of the DCM and DMF peaks in both PCL experiments indicated the solvent is fully
evaporated. In PAN, a peak at 1673cm-1 indicated that residual DMF remained in the fiber.
The presence of DMF in PAN is likely due to the solvents slow evaporation rate. In
addition, PAN solutions contained a larger volume of DMF in comparison to PCL which
used a 3:1 mixture of DCM:DMF. However, a majority of the DMF likely evaporated, as
the presence of large amounts of solvent would have likely prevented or removed any
improvement in macromolecular orientation and tensile strength observed in the
nanofibers.
Both PCL and PAN experienced the same drawing process and exhibited similar
trends of increasing tensile strength and macromolecular orientation with draw, despite
large differences in material properties of glass transition (Tg) and melt temperature (Tm).
Tg is the temperature a polymer changes from a hard, glassy state to a soft, rubbery state
and marks the onset of chain motion within the polymer.[79] At temperatures below Tg,
the polymer will have reduced free volume, exhibit glassy behavior, and polymer chains
will resist rearrangement.[79,144]. Tm is the temperature where polymer crystals are
destroyed and the polymer changes from a soft rubbery state to a viscous flow. In general,
at temperatures above Tg and below Tm, polymer chains are more readily able to rearrange
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and permanent changes to material properties occur during the drawing stage[72,145].
Comparing the thermal properties of PCL and PAN shows a 155˚C difference in Tg
temperature and a 240˚C difference in Tm between PCL (Tg:-60˚C, Tm: 60 ˚C) and PAN
(Tg: 95˚C, Tm: 300 ˚C). At ambient temperatures (25˚C), the drawing process takes place
85˚C above the Tg of PCL, while PAN fibers are 70˚C below Tg.
These differences likely contribute to the differences in final polymer chain
orientation observed between studies. In PCL, WAXD and FTIR indicated that parallel
plate spinning induces a degree of chain alignment to the fiber axis and that automatedtrack drawing further increased alignment. Studies also indicated that total crystallinity and
crystal alignment to fiber axis increased with draw. The observed orientation in undrawn
PCL is likely a result of the polymer’s low Tg and Tm, which would allowed a high degree
of chain mobility during the initial stages of electrospinning. In comparison, XRD and
FTIR of PAN indicated that undrawn fibers spun across a parallel plate formed hexagonal
crystals with kinked backbones, commonly observed in studies of PAN crystal structure.
Unlike PCL, drawing PAN resulted in a reduction of crystallinity. In addition, drawn PAN
fibers had extended chains with a large degree of splaying from the fiber axis, compared
to the aligned chains observed in PCL. While extension of the polymer chains was possible
during drawing, the high Tg and Tm likely prevented the chains from rearranging parallel
to the draw direction.
In summary, the Tg and Tm dramatically affect the chain mobility and drawability
of a polymer but with optimized electrospinning parameters the automated track system is
compatible with polymers with varied material properties. The spinnability and
drawability, and by extension the final chain orientation is dependent on the polymer Tg
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and Tm as well as the solution and spinning parameters. It is plausible that with appropriate
solution and spinning parameters, polymers that can be electrospun across parallel plates
will be compatible with the automated track collection system. This has been illustrated
here with PCL and PAN; and has also been observed for PVDF spun across an automatedtrack system.[99,111,146-150].
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Figure 11. (Left). Automated-tracks facilitate continuous collection of PAN nanofibers
across the initial gap of length (L1) and then post-draw fibers to a final length (L2).
(Center). Individual fibers rather than collective meshes are post-drawn. When fibers reach
the bottom of the device they are sheared from the track and transferred to a stationary rack
which holds the fibers in tension as the tracks continue to turn and collect more fibers.
(Right) As the fibers are lengthened, the diameter decreases as polymer chains align and
extend. Organized chains are expected to become more prevalent resulting in a stronger
fiber.
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Figure 12. (A) Fiber diameter systematically decreased with increasing draw ratio. (B)
SEM images of Electrospun PAN nanofiber collected on a flat plate and at increasing
draw ratios. (C) Change in alignment distribution with draw ratio.
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Figure 13. (A) Schematic representation of polarized FTIR spectroscopy used to calculate
orientation of the polymer chain backbone. Where α is the rigid angle between the nitrile
group and the polymer chain backbone and σ is the angle between the fiber axis and
polymer chain backbone. B. The equation used for calculating Dichroic ratio (eq. 1), ideal
dichroic ratio (eq. 2), and Herman’s orientation factor (eq.3). (C) Values of Herman’s
orientation factor for PAN nanofibers collected at different draw ratios. (D) Herman’s
orientation factor for automated-track nanofiber and conventional microfibers plotted
against predicted backbone angle from fiber axis. Herman’s orientation factor equation
plotted against changing angle between polymer chain backbone and fiber axis. (E) Shift
in XRD peak with incremental rotation about the fiber axis for fibers collected at DR1 (F)
Shift in XRD peak with incremental rotation about the fiber axis for fibers collected at
DR4. (G) Change in diffraction peak intensity with rotation about fiber axis related to
hexagonal packing and splaying polymer chains for samples collected at DR1 and DR4.
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Figure 14. (A) Tensile testing results for electrospun polyacrylonitrile (PAN) nanofibers
collected at increasing draw ratios (DR) of 1 (undrawn), 2, 3, 4 and fibers collected on a
flat plate as a random mesh (Rand). Ultimate tensile stress, Young’s modulus, elongation
at break and toughness were calculated from load-displacement tensile testing data for n =
6 samples. All group-to-group comparison with Mann–Whitney test that have a P-value
<0.05 are connected by lines. (B) Comparison of fiber mechanical properties between
manufacturing methods and diameter. (C) Comparison of fiber mechanical properties
between
manufacturing
methods
and
orientation
factor[60,63,101,108,126,130,131,133,138-141].
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Chapter 6:
Effect of Post-Drawing on Enzymatic Degradation of Electrospun Polycaprolactone
Nanofibers

Electrospun polycaprolactone nanofibers were enzymatically degraded to evaluate
the effect of post-draw processing on rate of degradation. Electrospun polycaprolactone
(PCL) nanofibers drawn to increasing lengths, were submerged in PBS and pseudomonas
lipase (PS Lipase) solution for a 7-day period. The extent of degradation was evaluated by
mass loss, changes in tensile strength, and change in crystallinity on day 0, 3, and 7.
The rate of degradation was dependent on percent crystallinity of the fiber and the
degree of alignment in crystalline and amorphous area of the fiber. Drawn PCL fibers
maintained mass and tensile strength over 7 days in PS Lipase, while undrawn fibers,
degraded within 1 day. Pretension in fibers before degradation was critical to maintain the
macromolecular structure and tensile strength over the degradation period. Loss of mass
and mechanical strength without molecular weight reduction indicated surface erosion and
thinning of the material over time. Crystallinity and chain alignment changes illustrated the
progression of crystal growth during automated track drawing and the degradation period.
6.1 Introduction
Electrospinning is a manufacturing method which has received considerable
interest for its ability to produce nanofibers from a range of polymers in a relatively simple
and inexpensive process[2,3,8]. Applications for electrospun nanofibers range from
textiles, to composite reinforcement, to tissue engineering[2,6,13]. In many applications, a
suitable rate of degradation and maintenance of mechanical strength is a critical material
property[151].
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Polycaprolactone (PCL) has been studied for a wide range of applications as it is
biocompatible and resorbable in the body and is biodegradable via contact with enzymes
secreted by microorganisms in the environment [104,152-155]. Degradation of polymers
can occur as both bulk degradation or surface erosion and initiates in the polymer
amorphous regions. The degradation path and rate is highly dependent on the rate of
penetration of degradation media into the material[152,156]. It has been observed that even
in the absence of chemical reactions, surrounding media can deteriorate polymers if they
can penetrate the material [145]. The loosely packed structure of the amorphous regions,
comprised of randomly coiled, unaligned chains; are more susceptible to penetration and
exposes more bonds susceptible to lysis compared to densely packed crystalline regions
[104] [103,157]. PCL degradation by lipase has been shown to vary greatly with sample
processing, where films degrade at much slower rates than microparticles, and microfiber
degradation varies with draw ratio[104,153,158,159]. However, there is little information
on the degradation rate of electrospun PCL nanofibers and the effect of draw ratio.
Previously, post-drawing was used to enhance the tensile strength of electrospun
polycaprolactone by aligning and extending polymer chains in the nanofiber[99]. The
following experiments analyzed the effects of increasing polymer chain alignment of PCL
nanofibers by post-drawing on the degradation rate of fiber bundles. It is hypothesized that
an inverse relation exists between fiber draw ratio during collection and rate of enzymatic
degradation (Fig.17). Drawn fibers, with aligned, extended chains and increased
crystallinity will degrade at a slower rate and maintain mechanical integrity; while undrawn
fibers, with unorganized, loosely packed amorphous chains will degrade at an increased
rate and will more readily lose mechanical integrity over time. When submerged in PBS
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with no enzyme, both drawn and undrawn fibers will experience minimal loss of mass,
crystallinity, and mechanical strength, compared to fibers exposed to lipase over the same
period.
6.2 Methods and Materials
6.2.1 Electrospinning. Electrospinning was completed using a solution of 18%
wt./vol. PCL (Mn 80,000 Sigma Aldrich) in 3:1 dichloromethane (DCM, Sigma Aldrich)
and dimethylformamide (DMF, Sigma Aldrich). In all samples, electrospinning was
completed using a voltage of 10 kV, applied to a 21-gauge needle positioned 10 cm above
the automated tracks. The polymer solution was loaded into a 5 mL polypropylene syringe,
with the syringe pump (New Era Pump Systems) set to 1 mL/hr. Electrospinning was
completed at ambient temperatures (25˚C), with the relative humidity maintained between
45-55%.
Samples of electrospun fibers were collected under 5 different conditions while
maintaining solution and spinning parameters described above. Undrawn, randomly
aligned fibers were collected onto the flat plate with no further processing. Aligned fiber
samples were collected using an automated-track system in order to collect fibers at
increasing draw ratios (Fig. 15) (DR= LFinal /LInitial). Fibers are collected across the parallel
tracks with a gap of 6cm and collected without post-drawing at DR1; and drawn up to a
max of 24cm at DR4. Track speed was set to draw each at a linear extension rate of 1
mm/sec.
After collection, sheets of fibers were cut into strips, rolled into bundles, and the
mass, fiber diameter, molecular weight, and mechanical strength are evaluated at Day 0.
After analysis, fiber samples were tied to a 3D printed frame using a surgeon’s square knot.
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The frame allows fiber bundles to be tied in tension and ensures samples have the same
gauge length (2cm).
In addition, the effect of pretension on strength retention and enzyme penetration
during degradation was also observed. First, a sample of each draw ratio (DR1, 2, 3, 4) was
loaded to 7% of the max load and submerged in lipase solution for 7 days. After observing
that pretension had the greatest effect on DR1 strength, samples of DR1 fibers(n=3) were
pretensioned to a moderate (7% max load) and overload (15% max load) before submersion
in both PBS and lipase solutions[160].
6.2.2 Enzymatic degradation. Samples were submerged in degradation solutions of
phosphate buffered saline (PBS) and PBS containing 0.12 mg/ml pseudomonas lipase (PS
Lipase, Sigma Aldrich) at 37˚C up to 7 days. PS lipase and concentration were chosen
based on a review of published literature illustrating the enzyme’s ability to catalyze
hydrolysis of PCL ester bonds[155,159]. Samples are removed from solution for analysis
after 3 days (D3) and 7 days (D7). After removal from solution, samples were washed in 7
stages of alternating rinsing and washing to remove dissolved salts in an ultrasonic bath as
follows:
•

Rinse under a stream of deionized water

•

Ultrasonic bath 5 min. in deionized water

•

Rinse under a stream of deionized water

•

Ultrasonic bath 10 min. in deionized water

•

Rinse under a stream of deionized water

•

Ultrasonic bath 10 min. in deionized water

•

Rinse under a stream of deionized water
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After cleaning, samples used for determining changes in mass loss, crystallinity,
morphology, and molecular weight are dried under vacuum for 24 hrs. before analysis.
Fiber bundles used for tensile tests are kept submerged in deionized water after cleaning,
to prevent stress concentrations from shrinking after drying.
6.2.3 Morphology. A portion of the dried sample is cut and further prepared for
imaging. A Scanning Electron Microscope (SEM, Phenom Pure) was used to capture
images of the fibers before and after submersion in degradation media. At each time point,
3 images were taken at magnification 800x and 8000x (n=6 total) to view gross bundle
morphology as well as individual fiber diameter. Photos were analyzed using Image J
software. Images taken at D0 are used to measure initial fiber diameter, surface texture and
morphology.
6.2.3 Mass loss. A balance (Mettler Toledo) with a precision of 0.01mg was used to
weigh samples before and after degradation. For each sample type, the entire set was
weighted three times in rotation to minimize weighing errors associated with absorption
and evaporation of fluid in the weigh boat. The percentage of mass loss was determined by
comparing the final mass(mFinal) after a degradation period with the initial mass (mInitial)
recorded at collection. Percent mass loss was calculated as: % Mass Loss = ((mInitial mFinal)/mInitial) x100. After weights are recorded, dried sample are used to determine
changes in morphology, percent crystallinity, and molecular weight at D3 or D7.
6.2.5 Molecular weight. Gel Permeation Chromatography (GPC) was used to
determine changes in the molecular weight of the polymer samples during the degradation
period. Samples are assessed at D0, D3 and D7 after exposure to PBS and enzyme
solutions. Before analysis samples were washed using the same method outlined in 6.2.2.
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Observations of the molecular weight were used to determine if the fibers degrade via
surface erosion or bulk degradation. Surface erosion occurs when degradation media’s
inability to penetrate the polymer results in degradation at the surface alone[152]. During
this process bond scission occurs and chain fragments diffuse into the supernatant and do
not appear in GPC analysis. Conversely, bulk degradation would occur if the degradation
media can penetrate that polymer bulk and cause hydrolysis throughout the materials
volume, and results in reduction of molecular weight over time.
6.2.6 Mechanical strength. Fiber bundles were tested in uniaxial tension at a strain
rate of 5mm/min using a Shimadzu EZ-SX with a 100 Newton load cell on day 0, 3, and
7. The strain rate was chosen to avoid brittle behavior caused by high rates of strain, while
completing the test under 30s as prescribed by ASTM standards for polymer fiber tensile
tests[161]. Fiber bundles are removed from 3D printed frames and attached to S-hooks to
prevent stress concentrations from clamps. At day 0 fiber bundles are soaked in PBS for 5
min at 37˚C. At day 3 and day 7 samples exposed to PBS and PS Lipase are removed,
washed as described in section 5.2.1, and tested without drying. Samples for strength
analysis are destroyed after testing and cannot be returned to the degradation media.
Remnants of tensile tested specimens were retrieved and dried before mass loss
measurements and examination of changes in molecular weight after degradation.
Ultimate tensile strength was calculated from the maximum recorded load divided
by the bundle cross sectional area. Young’s modulus was calculated from the linear portion
in the initial slope of the stress-strain curves. Strain was calculated as the total change in
length at failure divided by initial length (20mm). The specific strength was calculated as
the recorded load (N) divided by the linear density of the sample (kg/m). The cross-
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sectional area is calculated as the linear density divided by the known bulk density
(1.145g/cm3). The axial stiffness is calculated as the force (N) divided by the displacement
(m) of the nanofiber bundle at 10% strain.
6.2.7 Percent crystallinity and orientation morphology. The absorption spectra
of PCL fibers collected at each draw ratio were collected at D0, D3, and D7 (n=5) using
polarized and unpolarized Fourier-transform infrared spectroscopy (FTIR) (Thermo, iS50
Nicolet). In unpolarized spectra, the carbonyl vibration band at 1727cm-1 was resolved into
crystalline (1725cm-1) and amorphous (1736cm-1) regions as described by He et al.[162].
The absorption intensities of these regions were used to calculate precent crystallinity as:
XC = Ac /(Ac + γAa) where Ac is the crystalline region intensity, Aa is the amorphous
intensity, and γ is the absorption coefficient for PCL (γ =1.46).
A polarizing filter was used to control the vibrational direction of the FTIR beam
contacting the sample. The direction of polarization is defined as parallel (A║) when the
beam vibration direction is the same as the fiber axis and perpendicular (A┴) when it is
normal to the fiber axis. Polarized spectra were used to evaluate polymer chain alignment
to the fiber axis by calculating dichroic ratio of the peaks at 1293cm-1 and 1157cm-1.
Because these peaks are both associated with the C-C and C-O bond of the PCL backbone
chain in the crystalline (1293cm-1) and amorphous (1157cm-1) phases; the ratio of the
parallel (A║) and perpendicular(A┴) absorption peaks of will illustrate alignment of the
polymer chain to the fiber axis[163-165]. Dichroic ratios > 1 indicate an anisotropic
material with chain orientation favoring the fiber axis, while value < 1 indicate anisotropic
structure with backbone favoring alignment normal to the fiber axis. Dichroic ratios of 1
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indicate an isotropic material with even distribution of chains parallel and perpendicular to
the axis.
6.3 Results and Discussion
6.3.1 Electrospinning. The system produced aligned arrays of nanofibers stretched
from 6 up to 24cm during collection (4x initial length). Fibers were collected across the
initial gap of the automated tracks and stretched to a final length at the collection tray (Fig.
17). The geometry of the tracks, and by extension the draw ratio of the fibers, can be
adjusted before collection begins, allowing the drawing of thousands of individual fibers
per minute to a predetermined draw ratio. As the fibers are drawn to their final length, they
are sheared from the tracks by a stationary collection tray located between the tracks. The
fibers adhere to the collection tray at opposite ends of the fibers, maintaining tension in the
sample post-collection. The design of the automated tracks successfully integrates
electrospinning with the post-drawing process utilized in conventional fiber manufacture.
The major highlights of this design are the ability to spin and post-draw individual fibers
before collection into a mesh, simultaneous processing of thousands of fibers, in a
continuous automated process.
Fiber samples of greater lengths than our previous work was required to prepare
the samples for submersion. The design of automated -track collector is modified to
accommodate spinning fibers of greater length compared to previous studies. Likewise, the
spinning parameters were modified to spin fiber across and greater initial gap, to be drawn
to a greater final length. Increasing the initial gap without modifying flow rate, voltage,
and needle distance, produces fibers with smaller diameters as seen in literature. The
smaller initial diameter of the fiber can greatly impact the maximum, achievable draw.
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6.3.2 Enzymatic degradation. The degradation rate of drawn PCL fibers was
investigated in comparison to undrawn and randomly aligned fibers. All sample types were
submerged in solutions of PBS and PS Lipase. Degradation data were collected at three
time points over a period of 7 days. Electrospun PCL fibers were susceptible to enzymatic
degradation by PS lipase. It was found that all samples degraded at a faster rate in the
presence of PS lipase, compared to PBS alone. In a preliminary study, concentrations
0.05mg/ml caused little to no degradation. In comparison, at concentrations of 0.5mg/mL,
all fiber samples degraded at a rate which prevented sample retrieval for analysis (Figure
16).
6.3.3 Morphology. The effect of draw ratio during fiber spinning and collection on
PCL fiber morphology was evaluated using SEM images. Figure 18 shows that the
automated-track system produced aligned arrays of smooth fibers with uniform diameters
upon spinning and drawing. The average fiber diameter of undrawn fibers was 716nm and
reduced to 509nm at a draw ratio of 4 (Fig. 17). The reduction of fiber diameter from DR1
to DR2, closely follows the reduction predicted by the conservation of volume equation
(L1*π*r12 = L2*π*r22). The measured diameter of DR3 and DR4 are 120nm and 151nm
larger than predicted by conservation of volume. Deviation from diameter predicted by
conservation of volume increases at DR3 and DR4, respectively (Fig. 17). Larger than
predicted diameters are likely caused by partial relaxation of the fibers to pre-drawing
dimensions when tension is removed during preparation for imaging[166]. This occurs
because of the low glass transition temperature (Tg) of PCL (-60˚C) allows chain motion
at ambient temperature (25˚C). In higher draw ratio samples, extended chains have a
greater distance available to retract, causing a more pronounced effect.
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Necking was not observed in SEM images, however; fiber lengths are very large in
comparison to viewable area in a single SEM image, 0.005cm vs 6-24cm. Furthermore,
each sample is comprised of thousands of fibers. Therefore, it is possible that necking
regions were obscured in SEM images.
6.3.4 Mass loss. Over a seven-day period, samples are removed from degradation
solution, washed, dried, and weighed to evaluate mass loss during exposure to solutions of
PBS and PS lipase. In PBS, all samples retained greater than 95% of their total weight over
seven days (Table 1). Fluctuations in weight are possibly due to changes in humidity
effecting the scale on the day of weighing. Under exposure to enzyme solution, undrawn,
randomly aligned (RND) and undrawn aligned fibers (DR1) degraded completely by Day
2 and were impossible to retrieve for testing. All drawn fibers (DR2, DR3, DR4) survived
enzymatic degradation over the 7-day period (Table 1). At day 3 all DR2, DR3, and DR4
samples lost approximately 17% of their total weight. At Day 7 mass loss was the lowest
in DR2 (-25%), highest in DR3 (-35%), and mid-range in DR4 (-29%). Despite lower draw
ratio and total crystallinity, DR2 retained the most mass. This was contrary to results seen
in melt spun microfibers, which were drawn to increasing ratios while maintaining the
same final diameter between samples, where degradation rate slowed at increased draw
ratios[104]. This indicates that degradation rate is dependent on the alignment of the
amorphous and crystalline regions as well as the total crystallinity. In the presented work,
greater mass loss in DR4 (-29%) compared to DR2 (-25%) possibly occurs as a result of
higher extension of amorphous chains and increased surface area to volume ratio in DR4.
Although drawing forms densely packed crystal and amorphous regions, it also results in

83

higher extension of amorphous chains at the surface, exposing ester bonds without the
requirement of enzyme penetration.
6.3.5 Molecular weight. GPC for samples shows no large change in molecular
weight between samples at D0 or between values obtained at D0 compared to D7 when
exposed to PBS or Lipase (Fig. 18). The loss of mass and mechanical strength over time
without reduction in molecular weight indicates that degradation proceeds through surface
erosion of the polymer fiber. Degradation via surface erosion occurs by hydrolysis of bonds
in the polymer backbone at only at the surface of the material. During this process bond
scission occurs and chain fragments diffuse into the supernatant and do not appear in GPC
analysis. This agrees with the established pathways of polymers surface erosion, and results
reported for PCL in bulk, films, and fibers[152,167].
6.3.6 Mechanical strength. Day 0 The automated track drawing process increased
tensile strength with draw at Day 0. Ultimate tensile strength increased 7.6x from DR1 to
DR4 (Fig. 19). In a similar fashion, Young’s modulus increased a total of 7.4x from DR1
to DR4. This increase in strength is similar to trends in tensile strength reported for PCL
microfibers[95,96,104]. In DR4 fiber bundles, the average ultimate tensile strength and
Young’s modulus are 663 MPa, 1.16 GPa, respectively. The strain at failure occurred at a
displacement of approximately 20mm for all aligned fibers (DR1, DR2, DR3, DR4), 2x
the initial sample length (Table 2). Failure at the same elongation between samples
indicates load transfer between the fibers, compared to fiber bundles without load transfer
which fail at a range of elongations at break[168]. The tensile properties of RND fibers
were up to 7x lower than DR1 and break elongation occurred at approximately 3x the initial
length. At day 0 group to group comparisons of ultimate tensile strength and Young’s
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modulus using Mann-Whitney analysis had p<0.05 except for those connected by lines in
Figure 19.
Day 3 and 7
All aligned fiber samples submerged in PBS retained up to 90% of their initial
tensile strength properties (Fig. 19). On day 7, the ultimate strength and Young’s modulus
of DR1 increased by 1.4x and 1.9x, respectively. DR4 fibers experienced a similar increase
of 1.2x, and 1.4x in ultimate tensile strength, and Young’s modulus at Day 7 (Fig. 19). In
PS Lipase, undrawn fibers with and without alignment degraded fully and were impossible
to mechanically test. All drawn samples survived the degradation period, with incremental
losses to tensile strength. At Day 7 the reduction in Young’s modulus was: DR2 =-11%,
DR3= -63% and DR4 =-29% (Fig. 20). At Day 7 the ultimate tensile strength had decreased
by: DR2 = -75%, DR3 = -73%, and DR4=- 83% (Fig. 20).
All DR1 samples pretensioned before submersion in PBS or PS lipase increased in
ultimate tensile strength and Young’s modulus by day 7. When pretensioned to 7%
maximum load and submerged in PBS, DR1 showed an increase in ultimate tensile strength
(x3.8) and Young’s modulus (x3.2) (Fig. 21). Samples pretensioned to 15% maximum load
in PBS increased ultimate tensile strength and Young’s modulus by 3.1x and 4.5x
respectively (Fig. 21). When submerged in PS lipase and pretensioned to 7% max load, the
sample ultimate tensile strength (2.2x) and Young’s modulus, (2.3x) still increased over
time, despite the presence of enzyme. Samples loaded to 15% max load and submerges in
enzyme solution increased in ultimate tensile strength (1.1x) and Young’s modulus (1.9x).
When pretensioned to 7% and submerged in PBS for 7 days, DR1 samples can achieve
approximately 50% the ultimate tensile strength and Young’s modulus of DR4 at D0. This
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illustrates the critical importance of pretensioning or appropriately annealing a material in
order improve and retain macromolecular structure and by extension, increase and maintain
tensile strength[144,166]. In Mann-Whitney group to group comparisons of ultimate
tensile and Young’s modulus at day 3 and day 7 of fibers in PBS, the p-value was >0.05,
indicating that fiber strength did not vary due to exposure to PBS. In comparisons of
ultimate strength and Young’s modulus at day 3 and day 7 of fibers submerged in PS lipase,
the p-value was <0.05 for ultimate tensile strength and >0.05 for Young’s modulus. This
indicates that enzymatic degradation had a pronounced effect on the ultimate tensile
strength.
6.3.7 Percent crystallinity and chain alignment. At Day 0, 3, and 7 PCL
nanofiber crystallinity was calculated by FTIR and curve fitting techniques to resolve the
carbonyl band of the spectra into crystalline and amorphous peaks. The Dichroic ratio of
the peak 1157 cm-1 and 1293 cm-1 in aligned fiber bundles was evaluated to determine
alignment of the polymer chains to the fiber axis (C-C, C-O stretching) amorphous and
crystalline, respectively. Because the IR beam is focused on multiple fibers in the bundle,
it is not possible to determine the Dichroic ratio of fibers in a randomly aligned mesh.
Day 0
RND and DR1 fiber bundles displayed an initial percent crystallinity of 69% and
74%, respectively (Fig. 22). This is high in comparison to values reported for PCL undrawn
electrospun fiber, undrawn melt fiber and drawn melt spun fiber crystallinity (40-63%).
[153,169,170] [163,170] Total crystallinity initially decreases as draw increases, lowering
to 60% at DR2, and 49% at DR3. As draw increases to DR4, crystallinity increased to 71%.
The dichroic ratio of the amorphous peak (1157cm-1) was greater than 1 for all aligned
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fiber samples, indicating preferential alignment of amorphous chains parallel to the fiber
axis. The dichroic ratio of the crystalline peak was greater than 1 for DR2 and DR4,
indicating parallel alignment. DR1 and DR3 have ratios of less than one, indicating
perpendicular alignment of the crystalline region to the fiber axis. Both the amorphous and
crystalline dichroic ratio show a similar pattern of values close to 1 at DR1, greater than 1
at DR2, decrease in dichroic ratio at DR3, followed by a second increase at DR4 to values
greater than one(Fig. 22B).
Comparing the changes in percent crystallinity with the changes in amorphous and
crystalline dichroic ratio as draw ratio increases illustrates the development of the crystal
structures during post-drawing electrospun fibers, diagramed in Figure 23. At DR1 fibers
are highly crystalline, but the amorphous dichroic favors parallel alignment while the
crystalline favors perpendicular alignment to the axis. These opposing alignments indicate
more disorder in macromolecular structure. At DR2, decrease in crystallinity with increase
in both the crystalline and amorphous dichroic ratio illustrate the unfolding of lamella and
realignment of amorphous chains and crystalline regions with draw. At DR3, the percent
crystallinity continues to decrease, and the amorphous and crystalline dichroic ratio
decreases to 1.8 and 0.4, respectively; indicating that crystalline structure has been further
deformed. Finally, at DR4 the crystallinity increases to 71% and both dichroic ratios
increase to values greater than 1. This appears to follow the accepted model of polymer
crystal deformation, where initial crystal structures dislocate in the direction of applied
strain, until amorphous chains are pulled out and aligned in the direction of draw. Chains
continue to aligned under strain and recrystallize between extended chains in a fibrillar
structure[79,171,172]. Crystal dislocation of PCL electrospun nanofiber during post-
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drawing likely occurs by screw dislocations in the lamellar[173]. PCL crystals grown from
melts and solutions have been observed to form spherulitic structures, initiated by screw
dislocations in the initial crystal lattice, and post-drawing will likely increase this effect in
the structure of the crystal lattice (Fig. 24A) [104,174-176]. After the initial screw
dislocation, lamellar structures continue to propagate off of the newly formed terrace in
either direction resulting in the lamellar shapes sketched in Figure 24B. These screw
dislocations in the crystal lattice are likely the result of irregularly located carbonyl groups
creating twist in the individual crystals, which would compound with nucleation[177]. As
the crystal continues to nucleate, the crystal lattice branches, forming a hedrite (Fig.
24C)[178] This process of crystal formation is further supported by observance of
spherulites in PCL microfibers(Fig.25B)[104]. In another study, AFM distinguished
disordered lamellar structure in undrawn electrospun fibers, which appears to resemble the
hedrite

structures

which

form

during

initial

formation

of

PCL

spherulites(Fig.25A,C)[87,179]. Although full spherulites may not form in the confined
space of electrospun nanofibers, this evidence suggests crystal nucleation would initiate in
the same manner. Therefore, hedrite structures with splayed crystal latices likely form in
the undrawn electrospun fiber and cause the lower dichroic ratios of the crystalline and
amorphous regions (Fig. 22, 23). In this case, as fibers are drawn, this screw dislocation of
the crystal structure is likely encouraged, and able to proceed from any point in the crystal
lattice where diverging crystalline arms occur. This would also explain the low strength,
low chain orientation and high permeability of DR1 fibers.
Day 3 and Day 7
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In PBS, fibers with high initial crystallinity, (DR1, DR4) lost crystallinity over time
(Fig.26A). A similar but opposite affect is observed for samples with lower initial
crystallinity (DR2, 3). This effect has been seen for conventional fiber spinning, where
stress applied to fibers at crystallization temperatures can remove crystal structures if
crystallinity is already high[144]. The dichroic ratios of the amorphous and crystalline
regions of most samples were greater than 1 at day 0 (favoring chain alignment parallel to
the fiber axis), and decreased to values less than one at day 7, which indicated a reduction
in chain alignment parallel to the fiber axis and an increase in alignment perpendicular to
the fiber axis (Fig. 26B). The dichroic ratio of the amorphous region(1157cm-1) of DR1
and DR2 fluctuated over the testing period, it first decreased at day 3, then increased at day
7, but remained below 1 indicating perpendicular chain alignment. The dichroic ratio of
the crystalline region of DR3 did not change on day 3, and increased on day 7 but remained
below 1, indicating perpendicular chain alignment. These fluctuations in both crystallinity
and chain alignment illustrate that at the prescribed degradation conditions (37˚C,
submerged) polymer chains are mobile despite high draw ratios and residual tension after
tying to a 3D printed frame.
On day 3, DR1 fibers in PBS increased in ultimate tensile strength by 172%, while
samples collected at different draw ratios did not change. This occurs despite the fact that
prolonged exposure to liquid often reduces mechanical strength due to swelling as the
surrounding media penetrates the material. It is possible that as the PBS penetrates the
fiber, the hydrophobic nature of PCL causes the polymer chains to pack together rather
than force them apart. The experiment temperature of 37˚C would allow the chains to
recrystallize while the surrounding media forced the mobile chains together. This would
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result in a more densely packed crystalline structure at day 3 than day 0 and cause an
increase in tensile strength despite a loss of chain alignment.
When submerged in PS Lipase, DR2 and DR3 samples exhibit an increase in
crystallinity over 7 days; at the same time, the alignment in the amorphous and crystalline
regions fluctuates (Fig. 27 A, B). In DR4, crystallinity is retained and similar changes to
alignment are observed. The changes in alignment and loss of mass indicates that increased
crystallinity results from a combination of lost amorphous chains from degradation by the
lipase as well as recrystallization.
DR1 pretension samples maintain percent crystallinity and dichroic ratios of the
amorphous and crystalline regions over the 7 day degradation period (Fig. 28). Pretension
after spinning likely contributed to extension and alignment of the polymer chains. Holding
the tension over the degradation period sets the chain structure in place as in an annealing
process.[145,166]. Under tension, the fibers resist free chain motion, and maintained stress
contributes to recrystallization during degradation, shown by the retention of crystallinity
at 70% despite mass loss over the 7-day period.
6.4 Conclusions
The automated track design successfully demonstrated the simultaneous collection
and drawing of electrospun nanofibers in a continuous manufacturing process. Mechanical
testing revealed that the tensile strength and Young’s modulus increased systematically
with draw. Ultimate tensile strength and Young’s modulus are comparable or exceed that
of other PCL microfibers and electrospun nanofibers in literature. Pretension is critical to
retaining electrospun nanofiber chain orientation, mechanical strength, and degradation
rate over time.
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The percent crystallinity and Dichroic ratio determined from FTIR illustrate that
crystallization during electrospinning and drawing occurs in stages. In the first stage,
polymer fibers crystallize as spun from the solution, with low chain alignment parallel to
the axis of the fiber(DR1). During the initial stages of drawing (DR2, DR3) crystals
established in undrawn fibers are removed and amorphous chain are aligned. Finally, at
DR4, recrystallization of aligned chains occurs, restoring crystallinity to approximately
70%.
Comparing mechanical strength, crystallinity, and chain orientation at D0 shows
that tensile strength is highly dependent on chain alignment to the axis and can potentially
be increased independent of fiber crystallinity (DR3). Meshes and bundles comprised of
fibers drawn to different ratios would likely be able to provide strong tensile strength and
controllable degradation rate. The data presented showed that rate of degradation is highly
dependent on both crystallinity and macromolecular orientation, which can be modified by
automated track drawing.

91

Figure 15. (Left). Automated-tracks facilitate continuous collection and post-drawing of
individual PCL nanofibers. (Right) As the fibers are post-drawn, the diameter decreases
as polymer chains align to the axis and compact together. Undrawn fibers with unaligned
chains possess larger spaces between chains allowing enzyme to more readily penetrate
compared to drawn fibers with aligned polymer chains, compacted together.
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Figure 16. Preliminary study observing mass loss of DR1 and DR4 samples in various
concetraions of PS lipase solutions (0, 0.05, 0.15, 0.5 mg/mL)
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Figure 17. SEM images of electrospun PCL nanofibers collected on a flat plate and at
increasing draw ratios (DR1-4) show that fiber diameter decreased with increased draw
ratio.
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Table 1
Mass loss over 7 days for electrospun PCL nanofibers; collected on a flat plat (RND), and post-drawn to a draw ratio (DR) of 1, 2,
3, 4, over seven days in PBS. C.) Mass Loss at day 3 and day 7.
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Figure 18. Mass loss without change to fiber molecular weight is indicative of surface
erosion. During surface erosion of PCL, ester bonds are broken by the enzyme and
portions of the molecule are removed into the surrounding degradation media.
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Figure 19. Changes in ultimate tensile strength (Top) and Young’s modulus (Bottom),
and mass loss (Right) of electrospun PCL nanofibers; collected on a flat plat (RND), and
post-drawn to a draw ratio (DR) of 1, 2, 3, 4, over seven days in PBS. At day 0, group to
group comparisons of different draw ratios with post hoc Mann-Whitney test have pvalues of p<0.05, except for those connected by lines.
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Table 2
Axial Tensile Strength, Strain at Failure, Toughness, and Specific Strength electrospun PCL nanofibers; collected on a flat plat
(RND), and post-drawn to a draw ratio (DR) of 1, 2, 3, 4, over seven days in PBS, and PS Lipase.
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Figure 20. Changes in ultimate tensile strength (Top), Young’s modulus (Bottom) and
mass loss (Right) of electrospun PCL nanofibers; post-drawn to a draw ratio (DR) of 2, 3,
and 4, over seven days in PS Lipase.
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Figure 21. Changes in ultimate tensile strength (Top) and Young’s modulus (Bottom)
and mass loss (Right) of aligned, undrawn (DR1) electrospun PCL nanofibers
pretensioned to 7% and 15% their maximum load, submerged in PBS and PS Lipase over
7 days.
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Figure 22. (A) Changes in percent crystallinity and (B) Dichroic Ratio of the crystalline
and amorphous regions with draw ratio at Day 0.
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Figure 23. Proposed diagram of crystallinity and chain alignment with draw ratio
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Figure 24. Diagram of initiation of spherulite growth. A.) Diagram of screw dislocation
of the initial lamella and propagation of crystal on newly formed terrace. B.) Diagram of
crystal structure from flat-on (top-down view), and edge-on (side view). C.) Formation of
spherulite from axialite to hedrite, to sheaf like structure to full spherulite in the edge on
view[173,178]. Reproduced with permissions.
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Figure 25. Evidence for spherulitic growth in PCL prepared in different forms (A) initial
progression of spherulite growth in PCL melt, hedrite, to sheaf formation (B) spherulite
structures observed in undrawn PCL melt spun microfibers, (C) Hedrite structures in
undrawn PCL electrospun fibers,[87,104,179] reproduced with permissions.
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Figure 26. (A) Changes in crystallinity and (B) chain alignment in the amorphous and
crystalline regions of fiber collected at increasing draw ratio (DR), 1 ,2, 3, 4; submerged
in PBS over 7 days.
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Figure 27. (A) Changes in crystallinity and (B) chain alignment in the amorphous and
crystalline regions of fiber collected at increasing draw ratio (DR), 1 ,2, 3, 4; submerged
in PBS over 7 days.
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Figure 28. (A) Changes in crystallinity and (B) chain alignment in the amorphous and
crystalline regions of fiber collected at DR1 and pretension to 7% and 15 % their
maximum load, submerged in PBS and PS Lipase over 7 days.
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Chapter 7:
Project Summary
7.1 Conclusions
The major goal of this research was to develop a novel method of processing
electrospun polymer nanofibers with good chain alignment to the axis and strong
mechanical properties. The first specific aim involved the design and construction of an
automated-track system capable of post-drawing polycaprolactone (PCL) nanofibers and
evaluating the effect of drawing of fiber morphology, molecular organization, and
mechanical properties. The automated track system successfully integrated post-draw
processing with electrospinning, which has shown to be a critical component in
conventional fiber manufacture. The drawing process produced aligned fibers with uniform
diameters and smooth surfaces. It was determined that post-drawing systematically
increased macromolecular alignment and fiber tensile strength. The ultimate tensile
strength increased 7x, to a value of 1.66 GPa at a draw ratio of 4. The Young’s modulus
increased in a similar manner with draw ratio, resulting in a 15x increase to a final value
of 5.89 GPa.
The second aim was to evaluate the properties of polyacrylonitrile (PAN) under
automated track drawing to verify compatibility and reproducibility of properties when a
polymer of different composition, glass transition, and melt temperature is collected and
processed via the automated track system. PAN was successfully spun and post-draw with
the automated tracks system and showed similar trends in increased tensile strength. The
ultimate tensile strength increased by 100%, to a value of 354MPa at a draw ratio of 4. The
Young’s modulus increased by 500% to a final value of 16.5GPa. Fiber collection without
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drawing results in kinked polymer chains arranged in hexagonal crystal structures. Postdrawing resulted in a macromolecular structure comprised of extended rigid chains splayed
at angles to the fiber axis. Electrospun PAN solution was compatible with automated track
drawing, but the rigid chain, and high Tg resists unfolding lamellar and sliding chains
during draw at ambient temperatures.
The third aim focused on the post-drawing effect on degradation properties of PCL
nanofibers. It was shown that degradation was dependent on a combination of percent
crystallinity, crystal orientation, as well as alignment and extension of the amorphous
regions. Without any post-drawing treatment, as-spun fibers with crystallinity of 70%
degraded within 1 day of submersion in lipase and were impossible to evaluate further.
Drawn fibers had greater initial strength and chain alignment to the fibers axis and survived
the 7-day testing period, despite lower crystallinity. This study also illustrated the evolution
of crystal structure with post-drawing and how it effects degradation properties.
Crystallinity initially decreased with draw ratio, while chain alignment to the fiber axis in
both the amorphous and crystalline region increases. At continued draw, crystallinity is
further reduced and alignment to the fiber axis decreases. In the final stages of draw,
crystallization increases to 70% and backbone chains in the amorphous and crystalline
regions realign, pointing towards the development of a fibrillar structure in the fiber.
The ultimate strength and young’s modulus increased by 6.6x and 7.4x to values of
663MPa and 1.16 GPa, respectively. The study also illustrated the importance of pretension
in samples, as a method of preventing chain motion within the fiber and maintaining
mechanical integrity. When tensioned to 7% of its maximum load, DR1 fibers were able
to survive degradation, retain precent crystallinity and chain alignment, and showed an
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increase in tensile strength over time. Pretension applied to fiber bundles effectively acted
as a physical annealing process maintaining the structure of crystalline and amorphous
regions under conditions which otherwise promote chain mobility.
Future studies can be divided into two aspects, modifications or additions to the
automated tracks design and studies of drawn electrospun nanofiber properties. In the case
of device modifications, a method of assembling individual nanofibers into a yarns or
threads would increase the number of applications available to electrospun nanofibers.
Additionally, an efficient, automated method of braiding or weaving nanofiber yarns can
increase the tensile strength of the nanofiber structures without further drawing. Another
important aspect to consider is increasing throughput of fiber production. In the automated
track design, the most direct method of increasing though put would be increasing the scale
of the device. Increasing the width of the tracks could allow the use of an array of spinnerets
producing multiple polymer jets rather than a single point of extrusion from one needle.
Increasing the length of tracks could also accommodate larger draw ratios, producing
nanofibers of greater length.
In terms of material property analysis, there are three major aspects to investigate:
single fiber properties, dynamic properties, and non-uniaxial loading. Often, electrospun
nanofiber are tested as a bundle or collective mesh because these structures are easy to
handle and can be analyzed using conventional tensile testing device, however; testing
fibers in this manner presents several issues. The cross-sectional areas of fiber structures
must be estimated and uneven fiber distribution within a structure can cause variations in
recorded properties. Furthermore, points of contact between individual fibers can result in
stress concentrations and cause early failure of the nanofiber structure. In comparison,
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single fiber testing requires careful attendance during sample preparation as well as precise
testing equipment but, will more accurately represent the increase in tensile strength caused
by post-drawing. Single fiber testing is most often carried out using atomic force
microscopy (AFM), which can perform mechanical analysis using tension, bending, and
indentation. The use of AFM also allows visible observation and imaging of individual
fibers which can illustrate changes in fiber morphology during testing.
In summary, an automated track system was designed, constructed, and used to
successfully integrated post-draw processing with electrospinning. Automated track
drawing could enhance polymer chain alignment, modify crystallinity and increase tensile
strength. The system exhibited compatibility with multiple polymers, providing similar
effects to fiber properties. By modifying crystallinity and chain alignment the automated
track was also able to alter the degradation rate of PCL fibers. Results of these works
highlight the critical importance of drawing in developing and controlling electrospun fiber
properties. Furthermore, the results of this work illustrate that the automated track design
is a promising method of increasing the utility of electrospun materials and greater
incorporation in high performance applications.

111

References
[1]Lou L, Osemwegie O, Ramkumar SS. Functional Nanofibers and Their Applications.
Industrial & Engineering Chemistry Research 2020;59(13):5439-5455.
[2]Gogotsi Y. Nanomaterials handbook: CRC press; 2006.
[3]He J-H, Liu Y, Mo L-F, Wan Y, Xu L. Electrospun Nanofibres and Their
Applications. 2008.
[4]Andrady AL. Science and technology of polymer nanofibers: John Wiley & Sons;
2008.
[5]Fang J, Wang X, Lin T. Functional applications of electrospun nanofibers. Nanofibersproduction, properties and functional applications: InTech; 2011.
[6]Huang Z-M, Zhang YZ, Kotaki M, Ramakrishna S. A review on polymer nanofibers
by electrospinning and their applications in nanocomposites. Composites Science
and Technology 2003;63(15):2223-2253.
[7]Inshakova E, Inshakov O. World market for nanomaterials: structure and trends. 2017.
EDP Sciences. p 02013.
[8]Yao J, Bastiaansen C, Peijs T. High Strength and High Modulus Electrospun
Nanofibers. Fibers 2014;2(2):158-186.
[9]Staudinger H. Die hochmolekularen im festen zustand. Die Hochmolekularen
Organischen Verbindungen: Springer; 1960. p 105-123.
[10]Meyer KH, Lotmar W, Pankow G. Sur le chlorure de poly‐phosphornitrile,
caoutchouc inorganique. Helvetica Chimica Acta 1936;19(1):930-948.
[11]Balter M. Archaeology. Clothes make the (hu) man. Science 2009;325(5946):1329.
[12]Kvavadze E, Bar-Yosef O, Belfer-Cohen A, Boaretto E, Jakeli N, Matskevich Z,
Meshveliani T. 30,000-year-old wild flax fibers. Science 2009;325(5946):13591359.
[13]Ramakrishna S, Fujihara K, Teo W-E, Yong T, Ma Z, Ramaseshan R. Electrospun
nanofibers: solving global issues. Materials Today 2006;9(3):40-50.
[14]Xu CY, Inai R, Kotaki M, Ramakrishna S. Aligned biodegradable nanofibrous
structure: a potential scaffold for blood vessel engineering. Biomaterials
2004;25(5):877-86.
[15]Li D, Xia Y. Electrospinning of Nanofibers: Reinventing the Wheel? Advanced
Materials 2004;16(14):1151-1170.

112

[16]Charuchinda A, Molloy R, Siripitayananon J, Molloy N, Sriyai M. Factors
influencing the small-scale melt spinning of poly(?-caprolactone) monofilament
fibres. Polymer International 2003;52(7):1175-1181.
[17]Reneker DH, Yarin AL, Fong H, Koombhongse S. Bending instability of electrically
charged liquid jets of polymer solutions in electrospinning. Journal of Applied
Physics 2000;87(9):4531-4547.
[18]Kongkhlang T, Kotaki M, Kousaka Y, Umemura T, Nakaya D, Chirachanchai S.
Electrospun polyoxymethylene: spinning conditions and its consequent
nanoporous nanofiber. Macromolecules 2008;41(13):4746-4752.
[19]Theron SA, Yarin AL, Zussman E, Kroll E. Multiple jets in electrospinning:
experiment and modeling. Polymer 2005;46(9):2889-2899.
[20]Greiner A, Wendorff JH. Electrospinning: a fascinating method for the preparation of
ultrathin fibers. Angew Chem Int Ed Engl 2007;46(30):5670-703.
[21]Brennan DA, Conte AA, Kanski G, Turkula S, Hu X, Kleiner MT, Beachley V.
Mechanical Considerations for Electrospun Nanofibers in Tendon and Ligament
Repair. Advanced healthcare materials 2018.
[22]Gilbert W, Dowling A. On the Loadstone and Magnetic bodies and on the Great
Magnet the Earth: New York: Dover Publications; 1600.
[23]Um IC, Fang D, Hsiao BS, Okamoto A, Chu B. Electro-spinning and electro-blowing
of hyaluronic acid. Biomacromolecules 2004;5(4):1428-36.
[24]Wnek GE, Carr ME, Simpson DG, Bowlin GL. Electrospinning of nanofiber
fibrinogen structures. Nano Letters 2003;3(2):213-216.
[25]Geng X, Kwon O-H, Jang J. Electrospinning of chitosan dissolved in concentrated
acetic acid solution. Biomaterials 2005;26(27):5427-5432.
[26]Song JH, Kim HE, Kim HW. Production of electrospun gelatin nanofiber by waterbased co-solvent approach. J Mater Sci Mater Med 2008;19(1):95-102.
[27]Zhang YZ, Venugopal J, Huang ZM, Lim CT, Ramakrishna S. Crosslinking of the
electrospun gelatin nanofibers. Polymer 2006;47(8):2911-2917.
[28]Li M, Mondrinos MJ, Gandhi MR, Ko FK, Weiss AS, Lelkes PI. Electrospun protein
fibers as matrices for tissue engineering. Biomaterials 2005;26(30):5999-6008.
[29]Teo WE, Ramakrishna S. A review on electrospinning design and nanofibre
assemblies. Nanotechnology 2006;17(14):R89-R106.

113

[30]Joseph J, Nair SV, Menon D. Integrating Substrateless Electrospinning with Textile
Technology for Creating Biodegradable Three-Dimensional Structures. Nano Lett
2015;15(8):5420-6.
[31]Lu B, Wang Y, Liu Y, Duan H, Zhou J, Zhang Z, Wang Y, Li X, Wang W, Lan W
and others. Superhigh-throughput needleless electrospinning using a rotary cone
as spinneret. Small 2010;6(15):1612-6.
[32]Doshi J, Reneker DH. Electrospinning process and applications of electrospun fibers.
Journal of Electrostatics 1995;35(2):151-160.
[33]Deitzel JM, Kosik W, McKnight SH, Beck Tan NC, DeSimone JM, Crette S.
Electrospinning of polymer nanofibers with specific surface chemistry. Polymer
2002;43(3):1025-1029.
[34]Kim KW. The Effect of Molecular Weight and the Linear Velocity of Drum Surface
on the Espun Fibers. Fibers and Polymers;5(2):122-127.
[35]Leong NL, Kabir N, Arshi A, Nazemi A, Jiang J, Wu BM, Petrigliano FA,
McAllister DR. Use of ultra-high molecular weight polycaprolactone scaffolds for
ACL reconstruction. J Orthop Res 2016;34(5):828-35.
[36]Gholipour Kanani A, Bahrami SH. Effect of Changing Solvents on Poly(Caprolactone) Nanofibrous Webs Morphology. Journal of Nanomaterials
2011;2011:1-10.
[37]Shenoy SL, Bates WD, Frisch HL, Wnek GE. Role of chain entanglements on fiber
formation during electrospinning of polymer solutions: good solvent, non-specific
polymer–polymer interaction limit. Polymer 2005;46(10):3372-3384.
[38]Yoo HS, Kim TG, Park TG. Surface-functionalized electrospun nanofibers for tissue
engineering and drug delivery. Adv Drug Deliv Rev 2009;61(12):1033-42.
[39]Kenawy E-R, Abdel-Hay FI, El-Newehy MH, Wnek GE. Processing of polymer
nanofibers through electrospinning as drug delivery systems. Materials Chemistry
and Physics 2009;113(1):296-302.
[40]Suwantong O, Opanasopit P, Ruktanonchai U, Supaphol P. Electrospun cellulose
acetate fiber mats containing curcumin and release characteristic of the herbal
substance. Polymer 2007;48(26):7546-7557.
[41]Kang YO, Yoon I-S, Lee SY, Kim D-D, Lee SJ, Park WH, Hudson SM. Chitosancoated poly(vinyl alcohol) nanofibers for wound dressings. Journal of Biomedical
Materials Research Part B: Applied Biomaterials 2010;92B(2):568-576.
[42]Beachley V, Wen X. Effect of electrospinning parameters on the nanofiber diameter
and length. Materials Science and Engineering: C 2009;29(3):663-668.

114

[43]Baji A, Mai Y-W, Wong S-C, Abtahi M, Chen P. Electrospinning of polymer
nanofibers: Effects on oriented morphology, structures and tensile properties.
Composites Science and Technology 2010;70(5):703-718.
[44]Ghorani B, Russell SJ, Goswami P. Controlled Morphology and Mechanical
Characterisation of Electrospun Cellulose Acetate Fibre Webs. International
Journal of Polymer Science 2013;2013:1-12.
[45]He CL, Huang ZM, Han XJ. Fabrication of drug-loaded electrospun aligned fibrous
threads for suture applications. J Biomed Mater Res A 2009;89(1):80-95.
[46]Wu Y, Carnell LA, Clark RL. Control of electrospun mat width through the use of
parallel auxiliary electrodes. Polymer 2007;48(19):5653-5661.
[47]Thomas V, Jose MV, Chowdhury S, Sullivan JF, Dean DR, Vohra YK. Mechanomorphological studies of aligned nanofibrous scaffolds of polycaprolactone
fabricated by electrospinning. J Biomater Sci Polym Ed 2006;17(9):969-84.
[48]Bashur CA, Shaffer RD, Dahlgren LA, Guelcher SA, Goldstein AS. Effect of fiber
diameter and alignment of electrospun polyurethane meshes on mesenchymal
progenitor cells. Tissue Eng Part A 2009;15(9):2435-45.
[49]Liu T, Phang IY, Shen L, Chow SY, Zhang W-D. Morphology and mechanical
properties of multiwalled carbon nanotubes reinforced nylon-6 composites.
Macromolecules 2004;37(19):7214-7222.
[50]Edwards MD, Mitchell GR, Mohan SD, Olley RH. Development of orientation
during electrospinning of fibres of poly (ε-caprolactone). European Polymer
Journal 2010;46(6):1175-1183.
[51]Zhong S, Teo WE, Zhu X, Beuerman RW, Ramakrishna S, Yung LY. An aligned
nanofibrous collagen scaffold by electrospinning and its effects on in vitro
fibroblast culture. J Biomed Mater Res A 2006;79(3):456-63.
[52]Chan KHK, Wong SY, Tiju WC, Li X, Kotaki M, He CB. Morphologies and
electrical properties of electrospun poly[(R)-3-hydroxybutyrate-co-(R)-3hydroxyvalerate]/ multiwalled carbon nanotubes fibers. Journal of Applied
Polymer Science 2010;116(2):1030-1035.
[53]Yee WA, Kotaki M, Liu Y, Lu X. Morphology, polymorphism behavior and
molecular orientation of electrospun poly(vinylidene fluoride) fibers. Polymer
2007;48(2):512-521.
[54]Li D, Wang Y, Xia Y. Electrospinning of polymeric and ceramic nanofibers as
uniaxially aligned arrays. Nano Letters 2003;3(8):1167-1171.
[55]Xin Y, Huang Z, Chen J, Wang C, Tong Y, Liu S. Fabrication of well-aligned
PPV/PVP nanofibers by electrospinning. Materials Letters 2008;62(6):991-993.
115

[56]Kuo C-C, Wang C-T, Chen W-C. Highly-Aligned Electrospun Luminescent
Nanofibers Prepared from Polyfluorene/PMMA Blends: Fabrication,
Morphology, Photophysical Properties and Sensory Applications.
Macromolecular Materials and Engineering 2008;293(12):999-1008.
[57]Katta P. Continuous Electrospinning of Aligned Polymer Nanofibers onto a Wire
Drum Collector.pdf>. Nano Letters 2004;4(11):2215-2218.
[58]Beachley V, Katsanevakis E, Zhang N, Wen X. A novel method to precisely
assemble loose nanofiber structures for regenerative medicine applications. Adv
Healthc Mater 2013;2(2):343-51.
[59]Liu Y, Zhang X, Xia Y, Yang H. Magnetic-field-assisted electrospinning of aligned
straight and wavy polymeric nanofibers. Adv Mater 2010;22(22):2454-7.
[60]Wang X, Zhang K, Zhu M, Hsiao BS, Chu B. Enhanced Mechanical Performance of
Self-Bundled Electrospun Fiber Yarns via Post-Treatments. Macromolecular
Rapid Communications 2008;29(10):826-831.
[61]Pan H, Li L, Hu L, Cui X. Continuous aligned polymer fibers produced by a
modified electrospinning method. Polymer 2006;47(14):4901-4904.
[62]Smit E, Bűttner U, Sanderson RD. Continuous yarns from electrospun fibers.
Polymer 2005;46(8):2419-2423.
[63]Xie Z, Niu H, Lin T. Continuous polyacrylonitrile nanofiber yarns: preparation and
dry-drawing treatment for carbon nanofiber production. RSC Adv.
2015;5(20):15147-15153.
[64]Fitzer E. Pan-based carbon fibers—present state and trend of the technology from the
viewpoint of possibilities and limits to influence and to control the fiber properties
by the process parameters. Carbon 1989;27(5):621-645.
[65]Künzi HU. STRENGTH AND FRACTURE OF METALLIC FILAMENTS. Fiber
fracture. Oxford: Elsevier Science Ltd; 2002. p 183-240.
[66]Pai C-L, Boyce MC, Rutledge GC. Mechanical properties of individual electrospun
PA 6(3)T fibers and their variation with fiber diameter. Polymer
2011;52(10):2295-2301.
[67]Griffith AA. The phenomena of rupture and flow in solids. Philosophical transactions
of the royal society of london. Series A, containing papers of a mathematical or
physical character 1921;221:163-198.
[68]Bazbouz M, K. Stylios G. The Tensile Properties of Electrospun Nylon 6 Single
Nanofibers. 2010;48:1719-1731.

116

[69]Ward IM, Coates PD, Dumoulin MM. Solid phase processing of polymers: Hanser
Publishers Munich, Germany; 2000.
[70]McCullen SD, Haslauer CM, Loboa EG. Fiber-reinforced scaffolds for tissue
engineering and regenerative medicine: use of traditional textile substrates to
nanofibrous arrays. Journal of Materials Chemistry 2010;20(40):8776-8788.
[71]Richard-Lacroix M, Pellerin C. Molecular Orientation in Electrospun Fibers: From
Mats to Single Fibers. Macromolecules 2013;46(24):9473-9493.
[72]Fried JR. Polymer science and technology. Upper Saddle River NJ: Pearson
Education; 2014.
[73]Dersch R, Liu T, Schaper A, Greiner A, Wendorff J. Electrospun nanofibers: Internal
structure and intrinsic orientation. Journal of Polymer Science Part A: Polymer
Chemistry 2003;41(4):545-553.
[74]Huang C, Chen S, Lai C, Reneker DH, Qiu H, Ye Y, Hou H. Electrospun polymer
nanofibres with small diameters. Nanotechnology 2006;17(6):1558.
[75]Yoshioka T, Dersch R, Greiner A, Tsuji M, Schaper AK. Highly Oriented Crystalline
PE Nanofibrils Produced by Electric‐Field‐Induced Stretching of Electrospun Wet
Fibers. Macromolecular Materials and Engineering 2010;295(12):1082-1089.
[76]Ma X, Liu J, Ni C, Martin DC, Chase DB, Rabolt JF. Molecular orientation in
electrospun poly (vinylidene fluoride) fibers. ACS Macro Letters 2012;1(3):428431.
[77]Wong S-C, Baji A, Leng S. Effect of fiber diameter on tensile properties of
electrospun poly(ɛ-caprolactone). Polymer 2008;49(21):4713-4722.
[78]Stachewicz U, Bailey RJ, Wang W, Barber AH. Size dependent mechanical
properties of electrospun polymer fibers from a composite structure. Polymer
2012;53(22):5132-5137.
[79]Young R, Lovell P. Introduction to Polymers; 2011.
[80]Reneker DH, Yarin AL. Electrospinning jets and polymer nanofibers. Polymer
2008;49(10):2387-2425.
[81]Esrafilzadeh D, Jalili R, Morshed M. Crystalline order and mechanical properties of
as-electrospun and post-treated bundles of uniaxially aligned polyacrylonitrile
nanofiber. Journal of Applied Polymer Science 2008;110(5):3014-3022.
[82]Kobayashi M, Sakashita M. Morphology dependent anomalous frequency shifts of
infrared absorption bands of polymer crystals: Interpretation in terms of transition
dipole–dipole coupling theory. The Journal of chemical physics 1992;96(1):748760.
117

[83]Lee K-H, Kim K-W, Pesapane A, Kim H-Y, Rabolt JF. Polarized FT-IR study of
macroscopically oriented electrospun nylon-6 nanofibers. Macromolecules
2008;41(4):1494-1498.
[84]Liu Y, Cui L, Guan F, Gao Y, Hedin NE, Zhu L, Fong H. Crystalline morphology
and polymorphic phase transitions in electrospun nylon-6 nanofibers.
Macromolecules 2007;40(17):6283-6290.
[85]Giller CB, Chase DB, Rabolt JF, Snively CM. Effect of solvent evaporation rate on
the crystalline state of electrospun nylon 6. Polymer 2010;51(18):4225-4230.
[86]Okada A, Kawasumi M, Tajima I, Kurauchi T, Kamigaito O. A solid state NMR
study on crystalline forms of nylon 6. Journal of Applied Polymer Science
1989;37(5):1363-1371.
[87]Lim C, Tan E, Ng S. Effects of crystalline morphology on the tensile properties of
electrospun polymer nanofibers. Applied Physics Letters 2008;92(14):141908.
[88]Carlisle CR, Coulais C, Guthold M. The mechanical stress-strain properties of single
electrospun collagen type I nanofibers. Acta Biomater 2010;6(8):2997-3003.
[89]Yang L, Fitie CF, van der Werf KO, Bennink ML, Dijkstra PJ, Feijen J. Mechanical
properties of single electrospun collagen type I fibers. Biomaterials
2008;29(8):955-62.
[90]Zong X, Ran S, Fang D, Hsiao BS, Chu B. Control of structure, morphology and
property in electrospun poly(glycolide-co-lactide) non-woven membranes via
post-draw treatments. Polymer 2003;44(17):4959-4967.
[91]Reneker D, Yarin A, Zussman E, Xu H. Electrospinning of nanofibers from polymer
solutions and melts. Advances in applied mechanics 2007;41:43-346.
[92]Theron SA, Zussman E, Yarin AL. Experimental investigation of the governing
parameters in the electrospinning of polymer solutions. Polymer
2004;45(6):2017-2030.
[93]White MA. Properties of Materials; 1999.
[94]Luan J, Zhang S, Geng Z, Wang G. Influence of the addition of lubricant on the
properties of poly(ether ether ketone) fibers. Polymer Engineering & Science
2013;53:n/a-n/a.
[95]Gurarslan A, Caydamli Y, Shen J, Tse S, Yetukuri M, Tonelli AE. Coalesced
poly(epsilon-caprolactone) fibers are stronger. Biomacromolecules
2015;16(3):890-3.

118

[96]Williamson MR. Gravity spun polycaprolactone fibers for applications in vascular
tissue engineering: Proliferation and function of human vascular endothelial cells.
Tissue Eng 2006;12(1).
[97]Ali U, Niu H, Abbas A, Shao H, Lin T. Online stretching of directly electrospun
nanofiber yarns. RSC Advances 2016;6(36):30564-30569.
[98]Beachley V, Wen X. Polymer nanofibrous structures: Fabrication,
biofunctionalization, and cell interactions. Prog Polym Sci 2010;35(7):868-892.
[99]Brennan DA, Jao D, Siracusa MC, Wilkinson AR, Hu X, Beachley VZ. Concurrent
collection and post-drawing of individual electrospun polymer nanofibers to
enhance macromolecular alignment and mechanical properties. Polymer
2016;103:243-250.
[100]Croisier F, Duwez AS, Jerome C, Leonard AF, van der Werf KO, Dijkstra PJ,
Bennink ML. Mechanical testing of electrospun PCL fibers. Acta Biomater
2012;8(1):218-24.
[101]Fennessey SF, Farris RJ. Fabrication of aligned and molecularly oriented
electrospun polyacrylonitrile nanofibers and the mechanical behavior of their
twisted yarns. Polymer 2004;45(12):4217-4225.
[102]Mujica-Garcia A, Hooshmand S, Skrifvars M, Kenny JM, Oksman K, Peponi L.
Poly(lactic acid) melt-spun fibers reinforced with functionalized cellulose
nanocrystals. RSC Advances 2016;6(11):9221-9231.
[103]Lam CX, Savalani MM, Teoh S-H, Hutmacher DW. Dynamics of in vitro polymer
degradation of polycaprolactone-based scaffolds: accelerated versus simulated
physiological conditions. Biomedical Materials 2008;3(3):034108.
[104]Mochizuki M, Hirano M, Kanmuri Y, Kudo K, Tokiwa Y. Hydrolysis of
polycaprolactone fibers by lipase: effects of draw ratio on enzymatic degradation.
Journal of Applied Polymer Science 1995;55(2):289-296.
[105]Arbab S, Noorpanah P, Mohammadi N, Zeinolebadi A. Simultaneous effects of
polymer concentration, jet-stretching, and hot-drawing on microstructural
development of wet-spun poly(acrylonitrile) fibers. Polymer Bulletin
2010;66(9):1267-1280.
[106]Papkov D, Zou Y, Andalib MN, Goponenko A, Cheng SZD, Dzenis YA.
Simultaneously strong and tough ultrafine continuous nanofibers. ACS Nano
2013;7(4):3324-3331.
[107]Ji Y, Li C, Wang G, Koo J, Ge S, Li B, Jiang J, Herzberg B, Klein T, Chen S and
others. Confinement-induced super strong PS/MWNT composite nanofibers. EPL
(Europhysics Letters) 2008;84(5).

119

[108]Lai C, Zhong G, Yue Z, Chen G, Zhang L, Vakili A, Wang Y, Zhu L, Liu J, Fong
H. Investigation of post-spinning stretching process on morphological, structural,
and mechanical properties of electrospun polyacrylonitrile copolymer nanofibers.
Polymer 2011;52(2):519-528.
[109]Zhang L, Aboagye A, Kelkar A, Lai C, Fong H. A review: carbon nanofibers from
electrospun polyacrylonitrile and their applications. Journal of Materials Science
2013;49(2):463-480.
[110]Cheng M-L, Chen P-Y, Lan C-H, Sun Y-M. Structure, mechanical properties and
degradation behaviors of the electrospun fibrous blends of PHBHHx/PDLLA.
Polymer 2011;52(6):1391-1401.
[111]Ma X, Liu J, Ni C, Martin DC, Bruce Chase D, Rabolt JF. The effect of collector
gap width on the extent of molecular orientation in polymer nanofibers. Journal of
Polymer Science Part B: Polymer Physics 2016;54(6):617-623.
[112]Chaurey V, Chiang P-C, Polanco C, Su Y-H, Chou C-F, Swami NS. Interplay of
Electrical Forces for Alignment of Sub-100 nm Electrospun Nanofibers on
Insulator Gap Collectors. Langmuir 2010;26(24):19022-19026.
[113]Baker SR, Banerjee S, Bonin K, Guthold M. Determining the mechanical properties
of electrospun poly-ε-caprolactone (PCL) nanofibers using AFM and a novel fiber
anchoring technique. Materials Science and Engineering: C 2016;59:203-212.
[114]Yang G, Lin H, Rothrauff BB, Yu S, Tuan RS. Multilayered
polycaprolactone/gelatin fiber-hydrogel composite for tendon tissue engineering.
Acta Biomater 2016;35:68-76.
[115]Kim GH. Electrospun PCL nanofibers with anisotropic mechanical properties as a
biomedical scaffold. Biomed Mater 2008;3(2):025010.
[116]Leong NL, Kabir N, Arshi A, Nazemi A, Wu B, Petrigliano FA, McAllister DR.
Evaluation of polycaprolactone scaffold with basic fibroblast growth factor and
fibroblasts in an athymic rat model for anterior cruciate ligament reconstruction.
Tissue Eng Part A 2015;21(11-12):1859-68.
[117]Fuh Y-K, Lien L-C, Chen S-Y. High-throughput production of nanofibrous mats via
a porous materials electrospinning process. Journal of Macromolecular Science,
Part B 2012;51(9):1742-1749.
[118]Jiang G, Zhang S, Qin X. High throughput of quality nanofibers via one stepped
pyramid-shaped spinneret. Materials Letters 2013;106:56-58.
[119]Wu D, Huang X, Lai X, Sun D, Lin L. High throughput tip-less electrospinning via
a circular cylindrical electrode. J Nanosci Nanotechnol 2010;10(7):4221-6.

120

[120]Nezarati RM, Eifert MB, Cosgriff-Hernandez E. Effects of humidity and solution
viscosity on electrospun fiber morphology. Tissue Eng Part C Methods
2013;19(10):810-9.
[121]Ng CS, Teoh SH, Chung TS, Hutmacher DW. Simultaneous biaxial drawing of poly
(ϵ-caprolactone) films. Polymer 2000;41(15):5855-5864.
[122]Correlo VM, Boesel LF, Bhattacharya M, Mano JF, Neves NM, Reis RL.
Hydroxyapatite Reinforced Chitosan and Polyester Blends for Biomedical
Applications. Macromolecular Materials and Engineering 2005;290(12):11571165.
[123]Eshraghi S, Das S. Mechanical and microstructural properties of polycaprolactone
scaffolds with one-dimensional, two-dimensional, and three-dimensional
orthogonally oriented porous architectures produced by selective laser sintering.
Acta Biomater 2010;6(7):2467-76.
[124]Griffith A, Gilman JJ. The phenomena of rupture and flow in solids. Transactions of
the ASM 1968;61:855-906.
[125]Zeng X, Hu J, Zhao J, Zhang Y, Pan D. Investigating the jet stretch in the wet
spinning of PAN fiber. Journal of Applied Polymer Science 2007;106(4):22672273.
[126]Moncrieff RW. Man-made fibres. 1975.
[127]Arshad SN, Naraghi M, Chasiotis I. Strong carbon nanofibers from electrospun
polyacrylonitrile. Carbon 2011;49(5):1710-1719.
[128]Bahl OP, Mathur RB, Kundra KD. Structure of PAN fibres and its relationship to
resulting carbon fibre properties. Fibre Science and Technology 1981;15(2):147151.
[129]Sawai D, Fujii Y, Kanamoto T. Development of oriented morphology and tensile
properties upon superdawing of solution-spun fibers of ultra-high molecular
weight poly(acrylonitrile). Polymer 2006;47(12):4445-4453.
[130]Naraghi M, Arshad SN, Chasiotis I. Molecular orientation and mechanical property
size effects in electrospun polyacrylonitrile nanofibers. Polymer 2011;52(7):16121618.
[131]Chen JC. Modification of polyacrylonitrile (PAN) carbon fiber precursor stretching
in DMF. Carbon 2001(40):20.
[132]White JL, Spuiell JE. The specification of orientation and its development in
polymer processing. Polymer Engineering & Science 1983;23(5):247-256.

121

[133]Bohn C, Schaefgen J, Statton W. Laterally ordered polymers: Polyacrylonitrile and
poly (vinyl trifluoroacetate). Journal of Polymer Science Part A: Polymer
Chemistry 1961;55(162):531-549.
[134]Liu XD, Ruland W. X-ray studies on the structure of polyacrylonitrile fibers.
Macromolecules 1993;26(12):3030-3036.
[135]Bashir Z. The hexagonal mesophase in atactic polyacrylonitrile: a new
interpretation of the phase transitions in the polymer. Journal of Macromolecular
Science, Part B 2001;40(1):41-67.
[136]Anghelina VF, Popescu IV, Gaba A, Popescu IN, Despa V, Ungureanu D.
Structural analysis of PAN fiber by X-ray diffraction. Journal of Science and Arts
2010;10(2):89.
[137]Oota T, Kunugi T, Yabuki K. High Strength and High Modulus Fibers. Kyouritsu:
Tokyo 1988.
[138]Wu SZ, Zhang F, Hou XX, Yang XP. Stretching-induced orientation for improving
the mechanical properties of electrospun polyacrylonitrile nanofiber sheet. 2008.
Trans Tech Publ. p 1169-1172.
[139]Gu S-Y, Wu Q-L, Ren J, Vancso GJ. Mechanical Properties of a Single Electrospun
Fiber and Its Structures. Macromolecular Rapid Communications 2005;26(9):716720.
[140]An N, Xu Q, Xu LH, Wu SZ. Orientation structure and mechanical properties of
polyacrylonitrile precursors. 2006. Trans Tech Publ. p 383-386.
[141]Liao C-C, Wang C-C, Chen C-Y, Lai W-J. Stretching-induced orientation of
polyacrylonitrile nanofibers by an electrically rotating viscoelastic jet for
improving the mechanical properties; 2011. 2263-2275 p.
[142]Coblentz Society I. Evaluated Infrared Reference Spectra. NIST Chemistry
WebBook, NIST Standard Reference Database Number 69;Eds. P.J. Linstrom and
W.G. Mallard, National Institute of Standards and Technology, Gaithersburg MD,
20899, https://doi.org/10.18434/T4D303,.
[143]Pamela M. Chu FRG, George C. Rhoderick, and Walter J. Lafferty,. Qunatitative
Infrared Database. NIST Chemistry WebBook, NIST Standard Reference
Database Number 69;ds. P.J. Linstrom and W.G. Mallard, National Institute of
Standards and Technology, Gaithersburg MD, 20899,
https://doi.org/10.18434/T4D303.
[144]Walczak ZK. Processes of fiber formation: Elsevier; 2002.
[145]Osswald TA, Menges G. Materials science of polymers for engineers: Carl Hanser
Verlag GmbH Co KG; 2012.
122

[146]Conte AA, Shirvani K, Hones H, Wildgoose A, Xue Y, Najjar R, Hu X, Xue W,
Beachley VZ. Effects of post-draw processing on the structure and functional
properties of electrospun PVDF-HFP nanofibers. Polymer 2019;171:192-200.
[147]Najjar R, Luo Y, Jao D, Brennan D, Xue Y, Beachley V, Hu X, Xue W.
Biocompatible Silk/Polymer Energy Harvesters Using Stretched Poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) Nanofibers. Polymers
2017;9(10):479.
[148]Chen MC, Sun YC, Chen YH. Electrically conductive nanofibers with highly
oriented structures and their potential application in skeletal muscle tissue
engineering. Acta Biomater 2013;9(3):5562-72.
[149]Gu SY, Ren J, Wu QL. Preparation and structures of electrospun PAN nanofibers as
a precursor of carbon nanofibers. Synthetic Metals 2005;155(1):157-161.
[150]Brennan DA, Shirvani K, Rhoads CD, Lofland SE, Beachley VZ. Electrospinning
and post-drawn processing effects on the molecular organization and mechanical
properties of polyacrylonitrile (PAN) nanofibers. MRS Communications 2019:19.
[151]Zeng J, Chen X, Liang Q, Xu X, Jing X. Enzymatic Degradation of Poly(L-lactide)
and Poly(ε-caprolactone) Electrospun Fibers. Macromolecular Bioscience
2004;4(12):1118-1125.
[152]Woodruff MA, Hutmacher DW. The return of a forgotten polymer—
Polycaprolactone in the 21st century. Progress in Polymer Science
2010;35(10):1217-1256.
[153]Hayashi T, Kanai H, Hayashi T. Enzymatic Degradation of Poly (ε-caprolactone)
Fibers in vitro. Polymer Journal 2001;33(1):38.
[154]Fields R, Rodriguez F, Finn R. Microbial degradation of polyesters:
polycaprolactone degraded by P. pullulans. Journal of Applied Polymer Science
1974;18(12):3571-3579.
[155]Castilla-Cortázar I, Más-Estellés J, Meseguer-Dueñas JM, Escobar Ivirico JL, Marí
B, Vidaurre A. Hydrolytic and enzymatic degradation of a poly(ε-caprolactone)
network. Polymer Degradation and Stability 2012;97(8):1241-1248.
[156]Vieira A, Vieira J, Ferra J, Magalhães F, Guedes R, Marques A. Mechanical study
of PLA–PCL fibers during in vitro degradation. Journal of the Mechanical
Behavior of Biomedical Materials 2011;4(3):451-460.
[157]Cook WJ, Cameron JA, Bell JP, Huang SJ. Scanning electron microscopic
visualization of biodegradation of polycaprolactones by fungi. Journal of Polymer
Science: Polymer Letters Edition 1981;19(4):159-165.

123

[158]Gan Z, Fung JT, Jing X, Wu C, Kuliche W. A novel laser light-scattering study of
enzymatic biodegradation of poly (ε-caprolactone) nanoparticles. Polymer
1999;40(8):1961-1967.
[159]Gan Z, Liang Q, Zhang J, Jing X. Enzymatic degradation of poly (ε-caprolactone)
film in phosphate buffer solution containing lipases. Polymer Degradation and
Stability 1997;56(2):209-213.
[160]Ma R, Schaer M, Chen T, Nguyen J, Voigt C, Deng X-H, Rodeo SA. The effects of
tensioning of the anterior cruciate ligament graft on healing after soft tissue
reconstruction. The journal of knee surgery 2019.
[161]ASTM C1557-20 STMfTSaYsMoF, ASTM International, West Conshohocken, PA,
2020.
[162]He Y, Inoue Y. Novel FTIR method for determining the crystallinity of poly (ε‐
caprolactone). Polymer International 2000;49(6):623-626.
[163]Wang X, Zhao H, Turng L-S, Li Q. Crystalline Morphology of Electrospun Poly(εcaprolactone) (PCL) Nanofibers. Industrial & Engineering Chemistry Research
2013;52(13):4939-4949.
[164]Elzein T, Nasser-Eddine M, Delaite C, Bistac S, Dumas P. FTIR study of
polycaprolactone chain organization at interfaces. Journal of Colloid and Interface
Science 2004;273(2):381-387.
[165]Coleman M, Zarian J. Fourier‐transform infrared studies of polymer blends. II. Poly
(ϵ‐caprolactone)–poly (vinyl chloride) system. Journal of Polymer Science:
Polymer Physics Edition 1979;17(5):837-850.
[166]Callister WD. Materials science and engineering an introduction: John Wiley; 2007.
[167]Gan Z, Yu D, Zhong Z, Liang Q, Jing X. Enzymatic degradation of poly(εcaprolactone)/poly(dl-lactide) blends in phosphate buffer solution. Polymer
1999;40(10):2859-2862.
[168]McKenna HA, Hearle JW, O'Hear N. Handbook of fibre rope technology: Elsevier;
2004.
[169]Kołbuk D, Sajkiewicz P, Kowalewski TA. Optical birefringence and molecular
orientation of electrospun polycaprolactone fibers by polarizing-interference
microscopy. European Polymer Journal 2012;48(2):275-283.
[170]Hayashi T, Nakayama K, Mochizuki M, Masuda T. Studies on biodegradable poly
(hexano-6-lactone) fibers. Part 3. Enzymatic degradation in vitro (IUPAC
Technical Report). Pure and Applied Chemistry 2002;74(5):869-880.
[171]Walczak ZK. Formation of synthetic fibers. 1977.
124

[172]Matsumoto T, Kawai T, Maeda H. Molecular unfolding in the drawing process of
polyethylene films. Die Makromolekulare Chemie: Macromolecular Chemistry
and Physics 1967;107(1):250-252.
[173]Crist B, Schultz JM. Polymer spherulites: A critical review. Progress in Polymer
Science 2016;56:1-63.
[174]Bassett D. Ciliation and lamellae in crystalline polymers. 1997. Wiley Online
Library. p 121-126.
[175]Speranza V, Sorrentino A, De Santis F, Pantani R. Characterization of the
polycaprolactone melt crystallization: complementary optical microscopy, DSC,
and AFM studies. ScientificWorldJournal 2014;2014:720157.
[176]Brinson HF, Brinson LC. Polymer engineering science and viscoelasticity. An
introduction 2008.
[177]Chatani Y, Okita Y, Tadokoro H, Yamashita Y. Structural studies of polyesters. III.
Crystal structure of poly-ε-caprolactone. Polymer Journal 1970;1(5):555-562.
[178]Gránásy L, Pusztai T, Börzsönyi T, Toth G, Tegze G, Warren J, Douglas J.
Polycrystalline patterns in far-from-equilibrium freezing: a phase field study.
Philosophical Magazine 2006;86(24):3757-3778.
[179]Beekmans L, Vancso GJ. Real-time crystallization study of poly (ϵ-caprolactone) by
hot-stage atomic force microscopy. Polymer 2000;41(25):8975-8981.

125

Appendix A:
Chapter 4 Supplementary Information
•

The work described in Chapter 4 was made possible by funding from National
Science Foundation [NSF1561966]; and the Rowan University Seed Fund.

•

A video showing the polycaprolactone nanofiber collection described in Chapter 4
can be found at http://dx.doi.org/10.1016/j.polymer.2016.09.061.
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Appendix B:
Chapter 5 Supplementary Information
•

The work described in Chapter 5 was made possible by funding from the National
Science Foundation (NSF1561966 & NSF1653329) and the United States Army
Research Laboratory (W911NF-17- 2-0227)

Verification of Direction of Polarization and Related Herman’s Orientation Factor used
in Chapter 5. https://doi.org/10.1557/mrc.2019.67
The orientation factor obtained for PAN are different from most values reported in
previous literature. The Herman’s orientation factor increases with draw ratio, however;
the values remain negative and approach 0 despite post-drawing up to four times the initial
fiber length. This would indicate polymer chain alignment perpendicular to the fiber axis
at DR1 and a decrease in macromolecular order at DR4. In comparison, previous literature
reports positive orientation factors approaching a value of 1, expressing polymer chain
alignment parallel to the fiber axis. ThermoFisher had mislabeled their polarizer directions
and issued a correction reversing 0 and 90˚ in January 2016. The updated labeling
indications are shown in Figure S1. Given the uncertainty of the company with this device
we wanted to independently verify that the polarizing lens was oriented correctly. To do
this, spectra were collected using a wire grid polarizing film with known polarization
direction in place of the installed lens (Figure S2). Using the polarizing film, the results
were comparable to those obtained using the polarizing lens installed by ThermoFisher
using the provided spec (Figure S1) for automated-track fibers collected at DR1, DR4, and
conventional melt-spun PAN microfibers, produced by Sarchem labs (Figure S3). To
further verify the collected data and the manufacture’s statement regarding lens angle, the
spectra was collected using the installed polarizing lens for five samples of melt spun
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microfibers. The orientation factor calculated for microfiber samples analyzed with both
the internal polarizing lens and polarizing film exhibited values consistent with literature
(Figure S3). We are confident that the Herman’s orientation factors presented in this
manuscript are correct because the orientation factors calculated for the melt-spun
microfibers correspond with previous literature and the values remained consistent for both
electrospun nanofibers and melt-spun microfibers when spectra were collected with a
polarizing film of known polarization direction.
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Figure B1. Thermo Fisher Nicolet IS50 Fourier Transform Infrared Spectrometer with
polarizing lens rotatable 180 degrees installed to control the direction of the electric field
vector of the IR beam entering the sample compartment. When the polarization angle is
set to 0 degrees the electric field vector is parallel to the sample compartment baseplate
(blue arrow). And when set to 90 degrees it is perpendicular to the baseplate (red arrow)
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Figure B2. Experimental setup for polarization verification. Absorbance values are
collected with the polarizing lens set to 0 and 90 degrees (Left). The same procedure is
completed using the polarizing film with a known wire grid direction in place of the
ThermoFisher polarizing lens (Right).
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Figure B3. (A) Herman's Orientation Factor Calculated using the ThermoFisher
Nicolet IS50 Polarizing lens and polarizing film of known polarization direction . B:
Herman’s Orientation Factor calculated using the installed polarizing lens and
polarizing film plotted against backbone angle from the fiber axis.
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